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Abstract 
Lenticel discolouration (LD), under-skin browning (USB), and resin canal disorder (RCD) are three 
fruit skin disorders of concern to the Australian mango industry. LD is confined to lenticels on the 
fruit skin. It was suspected that irradiation may differentially induce LD on cvs. ‘B74’, ‘Honey 
Gold’, ‘Kensington Pride’, and ‘R2E2’ fruit. Irradiation at 0.5 kGy significantly (P≤0.05) increased 
LD and delayed the loss of green skin colour of all four cultivars. There was generally no 
significant differences (P>0.05) between 0.5 (‘commercial’ dose) and 1.0 kGy (‘upper limit’ dose).  
The least pronounced effect was on cv. ‘Honey Gold’. Irradiation also diminished aroma volatiles 
production by cvs. ‘Kensington Pride’ and ‘R2E2’. Examination of the morphology of LD showed 
it in tissue sections as browning of sub-lenticellular cells around lenticel cavities. No such browning 
was evident in sub-lenticellular cells around non-coloured lenticel cavities. Coloured polymerised 
phenolic compounds appeared accumulate in the cell wall and in the cytoplasm of sub-lenticellular 
cells around the cavities of discoloured lenticels. 
USB is a physiological disorder evident as spreading grey -brown sub-surface lesions in cv. ‘Honey 
Gold’ mango fruit. In contrast, RCD in cv. ‘Kensington Pride’ mango fruit is evident as ramifying 
dark brown sub-surface resin canals. These two largely cv. specific browning disorders were 
compared and contrasted at the cellular level. USB was characterised by dark brown surrounding 
parenchyma cells around the epithelial cells that line resin ducts. This disorder involves starch 
retention as well as deposition of phenolic compounds in parenchyma cells surrounding the 
epithelial cells of resin ducts. In contrast, RCD was distinguished by localised browning inside resin 
duct lumens. The browning process evidently involved accumulation of polymerised phenolics. 
Polyphenol oxidase and peroxidase enzymes were determined by tissue printing to be associated 
with both USB and RCD browning. 
The effect of harvest time over the diurnal cycle was investigated with regard to the propensity of 
cv. ‘Honey Gold’ fruit to develop USB. USB expressed in postharvest is related to the cumulative 
interaction of physical (viz., vibration) and physiological (viz., chilling) stresses. Fruit harvested 
during the day were relatively more susceptible to developing USB than were those picked at night. 
The higher USB incidence in the afternoon harvest was related to temporally variable sap 
phytoxicity. An important contributory factor to greater afternoon sap phytoxicity was concomit ant  
increases in the concentrations of volatiles in the sap and, especially, in the non-aqueous sap phase. 
Changing from day to night and early morning harvesting afforded reduced incidence and severity 
of USB on cv. ‘Honey Gold’ fruit. 
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CHAPTER 1. GENERAL INTRODUCTION 
1.1 Research background 
Mango (Mangifera indica L.) is one of the world’s most popular tropical fruits (Tharanathan et al., 
2006). World mango production increased from 25 million tonnes in 2000 (Galán Saúco, 2004) to 
43 million tonnes in 2013 (Statista, 2016). Australia produces ca. 50,000 tonnes of mango fruit for 
domestic and export markets annually (AMIA, 2016). ‘B74’ (traded as CalypsoTM), ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ are the main cultivars grown commercially in Australia (Dillon et 
al., 2013). Although these cultivars are not widely grown overseas, they are in high demand both 
domestically and as premium products in export markets. Other cultivars such as ‘Keitt’, ‘Kent’, 
‘Palmer’, ‘Pearl’ and ‘Brooks’ are also cultivated in relatively small volumes (AMIA, 2016). 
‘Kensington Pride’ mango is the most widely planted cultivar in Australia, consisting of 65% of 
production (AMIA, 2016; Bally et al., 1999b). The parentage of ‘Kensington Pride’ is not clear. 
Johnson (2000) suggested that ‘Kensington Pride’ originated from an Indian cultivar and a South 
East Asian parent. ‘Kensington Pride’ is desirable due to its unique flavour (MacLeod et al., 1988). 
However, inconstant fruit bearing as well as unfavourable colour and size are the disadvantages of 
this cultivar (Johnson and Parr, 2000). Bally et al. (1999a) studied cross-breeding of ‘Kensington 
Pride’ with other cultivars to expand genetic diversity and enhance fruit quality attributes. Many 
hybrids of ‘Kensington Pride’ and other maternal parents including ‘Delta R2E2’, ‘A67’, ‘B74’, 
‘Honey Gold’, ‘NMBP 1243’, ‘NMBP 1201’, and ‘NMBP 4069’ have been introduced in the past 
few years (Dillon et al., 2013). 
R2E2 has been cultivated commercially since 1991 (Anonymous, 2014). ‘R2E2’ is a seedling from 
‘Kensington Pride’ and ‘Kent’ parents (Dillon et al., 2013). ‘R2E2’ showed 20% dissimilarity 
RAPD molecular analysis compared to ‘Kensington Pride’ parents (Bally et al., 1996). ‘R2E2’ is 
characterised by large-sized (>600 g) highly-coloured fruit and accounts for 6 % of production in 
Australia (AMIA, 2016; Bally et al., 1999b).  
Increased market share is being gained by  ‘B74’ (20%) and Honey Gold (4%) (AMIA, 2016). ‘B74’ 
(CalypsoTM) was released in 2000 and is a hybrid of ‘Kensington Pride’ and ‘Sensation’ (Whiley 
and Dorrian, 2007). ‘B74’ has a small seed and fibreless flesh. ‘Honey Gold’ is a relatively newly 
released cultivar in 2002 that originates from ‘Kensington Pride’ and an unknown parent tree 
(Dillon et al., 2013). ‘Honey Gold’ is attractive with a juicy, fiber-free flesh and favourable essence 
(Marques et al., 2012). 
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Mango fruit are appreciated by consumers for their external appearance, unique flavour and other 
health-contributing qualities such as vitamin C, β-carotene and minerals (Tharanathan et al., 2006). 
External appearance, including size, shape, skin colour and blemishes, is critical to consumer intent 
to purchase, especially for first-time buyers. Skin blemishes can result from field marks (e.g. 
rubbing against branches and twigs), insect damage (e.g. russetting and fruit fly), pre- and 
postharvest diseases, harvest and postharvest physical damage, and physiological disorders 
(Sivakumar et al., 2011). Skin physiological disorders are of real concern to the Australian mango 
industry (Macnish et al., 2014; Marques et al., 2012). They lead to downgrading of fruit quality 
attributes and to loss of market confidence (Hofman et al., 2010; Rymbai et al., 2012). Lenticel 
discolouration (LD), ‘under-skin browning’ (USB) and ‘resin canal damage’ (RCD) (Figure 1.1) 
have emerged in recent years as serious problems in terms of poor fruit appearance that reduce the 
economic value of fruit. 
LD has an adverse effect on fruit appearance and economic value and consequently is a major 
concern to the mango industry (Hofman et al., 2010). LD affects many mango cultivars around the 
world (Bezuidenhout and Robbertse, 2005; Self et al., 2006), including Australian genotypes 
(Hofman et al., 2010; Li et al., 2016; Marques et al., 2016). LD is confined to lenticels on the fruit 
skin and is characterised byf red or black darkening associated with pigment accumulation in the 
vacuoles of sub-lenticel cells (Bezuidenhout et al., 2005; Self et al., 2006). LD is exacerbated by 
exposure to quarantine or phytosanitary treatments, such as irradiation. For example, irradiation of 
‘Kensington Pride’ mango with 300 or 600 Gy delayed the ripening process and increased levels of 
LD (McLauchlan et al., 1989). Hofman et al. ( 2010) reported that irradiation increased the 
incidence of LD on ‘B74’ mango. Marques et al. (2016) showed that either irradiation at 441 - 610 
Gy or harvesting and postharvest handling increased LD on ‘B74’ mango fruit. 
USB is one of important skin browning disorders of ‘Honey Gold’ mango fruit (Hofman et al., 
2010; Holmes, 1999) due to the resulting downgrading of fruit quality and loss of market 
confidence. USB visible on the surface of ‘Honey Gold’ fruit predominantly affects this cultivar 
(Marques et al., 2012). It manifests under the epidermis as a superficial bruise-like injury with no 
damage to the flesh (Hofman et al., 2010). The defect is usually not obvious at harvest. Rather, 
visual symptoms become pronounced at around 4 days after harvest. Limited published information 
is available on the mechanism and control of USB development. Hofman et al. (2010) showed that 
delayed or slow cooling of fruit before or after packing was effective in diminishing USB incidence. 
Marques et al. (2012) reported that, in combination with holding of ‘Honey Gold’ fruit at less than 
14 - 16 ºC, USB is associated with physical damage after harvest . 
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RCD is a quality defect that reduces the marketability of mango fruit (Holmes, 1999). The 
symptoms are visible through the skin as dark traces of finely branched network of sub-cuticle resin 
canals (Holmes, 1999). The occurrence of this disorder is seemingly highest in ‘Kensington Pride’ 
mango fruit (Macnish et al., 2014). Factors contributing to the development of this disorder are 
largely unknown (Macnish et al., 2014). Mechanisms regulating symptom expression are also 
poorly understood. 
  
  
 
Figure 1.1 Typical symptoms of LD on ‘B74’ (A), USB (B) on ‘Honey Gold’ and RCD on 
‘Kensington Pride’ (C) mango fruit. Arrows point to affected regions.  Scale bars = A, B, C, 5 mm. 
1.2 Research approach 
The objectives of this PhD study were: 
Part A: Towards understanding the mechanism of LD on the skin of mango fruit  
Irradiation is effective post-harvest quarantine treatment to prevent insect pests, especially fruit fly 
and mango seed weevil (Bustos et al., 2004). Nonetheless, irradiation caused detrimental effects on 
mango quality attributes (Cruz et al., 2012; Moreno et al., 2006). The susceptibility of mango to LD 
depends on the cultivar (du Plooy et al., 2009; Oosthuyse, 1999). It was hypothesised that 
B A 
C 
RCD 
LD 
USB 
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irradiation would differentially induce LD on different Australian mango cultivars. In addition, it 
was proposed that irradiation would inhibit skin degreening in mango. Furthermore, it was proposed 
that other ripening parameters, including aroma volatile product ion and fruit eating quality, would 
be adversely affected.  
LD was characterised as light purple areas due to pigment accumulation in the vacuoles of sub-
lenticellular cells (Bezuidenhout et al., 2005). Polyphenols were also related to discoloured lenticels 
(Tamjinda et al., 1992). LM or SEM imaging revealed parts of lenticel structure.  
Specific aims were: 
(1) To investigate the effects of -irradiation on LD and other physical chemical properties, 
especially aroma volatiles, in the Australian mango cultivars including ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mangoes. 
(2) To investigate the general morphology of LD in these cultivars in terms of histological 
features and the overall structure of non-coloured and discoloured lenticels in ‘B74’ mango fruit. 
Part B: Towards addressing ‘under-skin browning’ (USB) on ‘Honey Gold’ and ‘resin canal 
damage’ (RCD) on ‘Kensington Pride’ mango fruit  
USB on Honey Gold mango and RCD of Kensington Pride mango are two important fruit skin-
browning disorders concerning the Australian mango industry in recent years. However, there is 
limited published information about the mechanisms and anatomies of these disorders. Increased 
understanding of these disorders should help in their improved management. Symptomology 
suggest that USB and RCD involve different cell biology processes. 
The specific aims were: 
(1) To inform better understanding of these skin disorders at the anatomical level. Therefore, 
USB and RCD were compared and contrasted at the cellular level using light microscopy and 
transmission electron microscopy. 
(2) To understand at the cellular level the potential roles of polyphenol oxidase (PPO) and 
peroxidase (POD) in tissue browning associated with of USB and RCD. 
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It was envisaged that, through gaining a fuller understanding of the comparative biochemistry of 
USB and RCD symptom expression at cell and tissue levels, future development and testing of 
treatments to manage these physiological disorders would be better informed. 
Also examined was the hypothesis that USB incidence is higher in fruit harvested in the afternoon, 
particularly in combination with physical. A diurnal effect was proposed to be associated with 
varying sap components. It is likely that USB expression is a defence system against stress. Putative 
differences in USB incidence at different harvest times were considered to likely be due to temporal 
differences in sensitivity of mango fruit skin tissue to the concentrations of aroma volatiles in sap. 
In this regard, additional experiments focused on understanding the mechanism underpinning USB 
symptom expression. In general, it was envisaged that better understanding the USB mechanism 
would offered informed management of the problem. 
The specific aims were: 
(1) To investigate the postulated effect of harvest time over the diurnal cycle with regard to 
the varying temporal propensity of ‘Honey Gold’ fruit to develop USB. 
(2) To characterise the putative effects of sap components and changes in the volatile 
composition on USB induction in ‘Honey Gold’ fruit. 
1.3 Thesis structure 
The current chapter (Chapter 1) provides a general introduction to the research focus and objectives. 
Chapter 2 reviews the literature on mango fruit quality attributes and mango skin disorders. Chapter 
3 reports the development of a high throughput precise analytical method to quantify key volatiles 
produced by Australian mango fruit and sap . The novel method utilises a combination of Stable 
Isotope Dilution Analysis (SIDA) and Head-space Solid phase microextraction (HS-SPME) in 
combination with gas chromatography mass spectrometry (-GC-MS). Chapter 4 examines the 
effects of -irradiation on LD, physical-chemical properties and aroma volatiles in four Australian 
mango cultivars. Chapter 5 presents the anatomical features of LD with special emphasis on an 
integrated ultrastructural visualisation of non-coloured and discoloured lenticels to deliver a better 
understanding of LD. Chapter 6 reports on the effects of diurnal harvest time on USB susceptibility 
and possible relationships to the chemical composition of fruit sap. Chapter 7 describes anatomical 
and histological disparities between USB and RCD and investigates the potential spatial 
involvement of PPO and POD activities in these disorders. Chapter 8 presents the final discussion 
 6 
and conclusions for the research chapters described above and proffers future directions to inform 
better management of these disorders. 
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 CHAPTER 2. LITERATURE REVIEW 
2.1 Introduction 
The attractive appearance of fruit is critical to a consumer’s decision to purchase, especially for 
first-time buyers. In addition to size, the main external characteristics of fruit typically include 
shape, colour and blemishes. Consumers often equate blemishes to poor quality, including off 
flavours and limited useable flesh. Accordingly, they can be intolerant of blemishes. Skin blemishes 
can result from field marks (e.g. wind rub), harvest and postharvest physical damage, insect 
damage, pre- and postharvest diseases, and physiological disorders. Skin physiological disorders are 
of major concerns to the Australian mango industry due to the resultant downgrading of the fruit 
appearance and quality attributes (Hofman et al., 2010; Marques et al., 2016). Pre-harvest 
conditions are important factors affecting mango skin disorders (Bally, 2007). Besides pre-harvest 
factors, post-harvest treatment, especially irradiation, should be emphasized (Marques et al., 2016).  
In this chapter, the general background of mango quality attributes and their metabolic and 
compositional changes during ripening are presented to provide a better overview and 
understanding of the potential contribution to metabolism and nutrition. The mechanisms and 
factors associated with skin browning disorders including ‘lenticel discolouration’ (LD), ‘under-
skin browning’ (USB) and ‘resin canal damage’ (RCD) are reviewed. In addition, pre-harvest 
management and postharvest factors such as irradiation affecting skin browning disorders are also 
discussed. Finally, general prospects and hypothesis for the development of these disorders should 
be given due consideration.  
2.2 Quality of mango fruit 
2.2.1 External quality  
Consumer acceptance is dependent on fruit quality attributes, including appearance, blemish marks, 
colour, texture, eating experience, ripeness levels, etc. Appearance is the first factor easily 
perceived by the consumer in the process of making a decision to purchase a particular type of fruit 
or its products, with colour being the vital appearance attribute (Akhtar et al., 2009). Consumers 
prioritize colour as it is perceived best in providing information on ripeness level. Consumer 
acceptance is higher for mangoes free from external damage, including bruises, latex or sap injury 
and decay, along with uniform weight, colour and shape (Sivakumar et al., 2011). 
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2.2.2 Internal quality 
Valente et al. (2011) reported that texture is a good indicator for establishing the eating quality and 
the freshness of fruit, making it a major index in determining product acceptability. Internal 
attributes such as pulp fibrousness, sweetness, and aroma are important for a full perception of fruit  
quality (Araújo and Garcia, 2012).  
2.2.3 Nutritional contributions 
Mangoes play a role in human nutrition and health as they provide a rich source of antioxidants 
including ascorbic acid, carotenoids and phenolic compounds (Brecht and Yahia, 2009). Mangoes 
are also regarded as a source of bioactive compounds with human health-promoting properties. 
Wilkinson et al. (2008) reported that mango components and metabolites may contribute to health 
because activations of transcription factors in human diseases, such as peroxisome proliferator-
activated receptor isoforms (PPARs), are inhibited by quercetin and norathyriol. 
Different values of vitamin C content were shown mong mango cultivars, maturity stages and 
postharvest handling. For example, ascorbic acid contents in the fruit of nine Indian cultivars were 
different from 14 mg/100 g to 57 mg/100 g (Kohli et al., 1987). Total ascorbic acid concentrations 
in ‘Tommy Atkins’ and ‘Ubá’ were 10 and 78 mg/100 g, respectively. Vitamin C concentration in 
the flesh decreased substantially from 88 to 22 mg/100 g between 5 weeks after fruit set up to 
maturity in ‘Amini’, ‘Mullgoa’, ‘Pico’, and ‘Turpentine’ mangoes (Spencer et al., 1956). 
‘Haden’,‘Irwin’ and ‘Keitt’ showed a general loss in vitamin C content from 16 to 23% during 
ripening at different storage temperatures, whereas ‘Kent’ showed a steady increase (Vazquez-
Salinas and Lakshminarayana, 1985). Postharvest disease control treatments and nitric oxide 
fumigation did not significantly influence the concentration of ascorbic acid in ‘Kensington Pride’ 
mangoes (Dang et al., 2008; Zaharah and Singh, 2011).  
In addition, mango fruit contain many valuable antioxidant compounds, such as carotenoids and 
phenolics (Ornelas-Paz et al., 2007; Rocha-Ribeiro et al., 2007). Main phenolics in mango are 
leucocyanidin, catechin, epicatechin, chlorogenic acid, quercitrin and quercetin (Berardini et al., 
2005; Schieber et al., 2000). Some carotenoids function as provitamin A as expressed as Retinol 
Activity Equivalents (RAE) (Rocha Ribeiro et al., 2007). RAE values were 74; 51; 55 and 185 
µg/100 g respectively in ‘Haden’, ‘Tommy Atkins’, ‘Palmer’ and ‘Ubá’ cultivars. 
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2.3 Mango ripening physiology 
2.3.1 Respiration 
Mango fruit show a climacteric pattern in which the respiration increased during the ripening (Aina 
and Oladunjoye, 1993; Akamine and Goo, 1973). In the ripening of ‘Kensington Pride’ mangoes, 
the climacteric rate gained a peak at day 4 (Lalel et al., 2003a). Fruit maturity affected the 
respiration rate in which only hard mature green stage showed the climacteric pattern (Lalel et al., 
2003c). Mitcham and McDonald (1993) reported that heat treatment at 46 °C and 48 °C enhanced 
the respiration of mature green fruit. Moreover, the respiration of ‘Kensington Pride’ fruit was 
inhibited by aminoethoxyvinylglycine (AVG) and 1-methylcyclopropane (1-MCP), while 
exogenous ethephon enhanced it (Lalel et al., 2003d).  
2.3.2 Ethylene production and the ripening process 
Ethylene is important in triggering the ripening process of mango (Medlicott et al., 1987). Mangoes 
are climacteric fruit in which ethylene production facilitates the ripening process (Brecht and Yahia, 
2009). According to Burdon et al. (1996), the mango ripening process was associated with 
increased ethylene production. Lalel et al. (2003c) showed ethylene production of ‘Kensington 
Pride’ mango fruit harvested at the hard mature green stage followed a typical climacteric rise 
during ripening. However, there was no increase at the half ripe or ripe stage as they were post -
climacteric at the time of harvest. Lalel et al. (2004) reported that an increase in ripening 
temperature from 15 to 30 oC enhanced ethylene production in green mature mango fruit. In 
contrast, ripening at 35 oC lowered ethylene production slightly due evidently to temperature 
sensitivity of aminocyclopropane-1-carboxylic acid synthase (ACS) and aminocyclopropane-1-
carboxylic acid oxidase (ACO). 
It is important to modulate ethylene production because the increase in ethylene production during 
mango fruit ripening coordinates the ripening process (Burdon et al., 1996). Monitoring ethylene 
production has been recorded in many studies. Application of ethephon to green mature 
‘Kensington Pride’ mangoes stimulated ethylene production during ripening. Conversely, 
aminoethoxyvinylglycine (AVG) at 500 and 1000 mg/l or 1-methylcyclopropane (1-MCP) at 1, 10 
and 25 µl/l significantly inhibited ethylene biosynthesis (Lalel et al., 2003d). Additionally, Burdon 
et al. (1996) suggested increased ethylene production may be suppressed by acetaldehyde through 
inhibition of ACO. 
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2.4 Metabolic and compositional changes during ripening 
2.4.1 Cell wall and structural polysaccharides and texture 
Mango fruit softening is an important indicator of ripe and ready to eat fruit. Mango texture is 
mainly related to changes in cell wall composition, including degradation of pectin (Muda et al., 
1995; Roe and Bruemmer, 1981). During ripening of ‘Ngowe’ mangoes, Brinson et al. (1988) 
showed that degradation of pectin involved marked declines in arabinose, galactose and 
galacturonic acid contents of mesocarp cell walls. Muda et al. (1995) examined changes in cell wall 
polymers during ripening of ‘Tommy Atkins’ mangoes. An overall reduction of galactosyl and 
deoxyhexosyl residues during ripening process was associated with degradation of pectin 
components.  
The pectolytic enzymes polygalacturonase, pectin methyl esterase, galactanase, arabinanase and β-
galactosidase are involved in ‘Alphonso’ mango ripening (Prasanna et al., 2003). The increase in 
polygalacturonase and cellulase activities was associated with softening and ripening of ‘Keitt’ 
mangoes (Roe and Bruemmer, 1981). Also, cell wall degrading glycanases and glycosidases in 
combination with decreased mannose content may contribute to textural softening during the 
ripening process (Yashoda et al., 2007).  
2.4.2 Organic acids 
During mango ripening, there is a substantial decrease in organic acids mainly due to the loss of 
citric acid (Medlicott and Thompson, 1985) that has important impact on palatability. Lalel et al. 
(2003c) reported that the acid content in ‘Kensington Pride’ ripe fruit, harvested at hard green 
mature stage was significantly higher than those in fruit collected at later stages of maturity. 
2.4.3 Soluble sugars 
Yashoda et al. (2006) reported the total soluble solids content of ‘Alphonso’ mango fruit increased 
from 7% to 20% over the unripe to ripe stage. Medlicott and Thompson (1985) reported that there 
was an increase in the contents of glucose, fructose and sucrose during ripening of ‘Keitt’. Sucrose 
is predominant throughout ripening, with fructose being the major reducing sugar. Castrillo et al. 
(1992) found that sucrose phosphate synthase (SPS) may be involved in the regulation of sucrose 
metabolism during ripening. Similarly, Wongmetha et al. (2012) found that sucrose accumulation 
was associated with a decrease in SPS. 
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Soluble sugars that contribute mango sweetness are accumulated through carbon supplied by both 
photosynthesis and starch degradation during ripening (Peroni et al., 2008; Silva et al., 2008). 
Peroni et al. (2008) showed that starch was converted into sucrose, the most abundant sugar of the 
‘Keitt’ ripe fruits, by α- and β-amylases. According to Lalel et al. (2003c), maturity stage at harvest 
has no considerable effect on the contents of non-reducing sugars when fruit ripen. However, 
markedly lower concentrations of reducing and total sugar were found in ripe fruit harvested at the 
hard mature green as compared to other later stages of maturity. 
2.4.4 Colour and pigments 
2.4.4.1 Skin colour changes 
Mango skin colour change, typically from green to yellow, is an important indicator to consumers 
of fruit ripeness level. The change from green to yellow or orange is often augmented by red blush, 
depending on the variety (Medlicott et al., 1986). Peel colour in ‘Tommy Atkins’ and ‘Keitt’ mango 
cultivars has a stronger red blush than in green or yellow-skinned mangoes. ‘Tommy  Atkins’ 
mangoes develop more red and yellow pigmentation in peel than ‘Keitt’ mangoes (Mitcham and 
McDonald, 1992). Ornelas-Paz et al. (2008) characterized gradual changes in epidermis 
pigmentation from green to yellow in ‘Manila’ and ‘Ataulfo’ mango cultivars during ripening.  
Mango peel ground colour changes during ripening are due to the degradation of chlorophyll and 
the accumulation of carotenoid (Medlicott et al., 1986). Ketsa et al. (1999) observed that the 
breakdown of chlorophyll was catalysed by chlorophyllase and peroxidase. Lalel et al. (2003c) 
established that ‘Kensington Pride' ripe fruit harvested at the hard mature green stage had lower a* 
value than those harvested at other later maturity stages. 
2.4.4.2 Flesh colour changes 
The development of yellow-orange colouration in the mesocarp during ripening of most mango 
cultivars is due to carotenoid accumulation (Vásquez-Caicedo et al., 2005). A range of carotenoids 
have been detected in fruit of different mango cultivars, but only a few constitute large portions 
(Chen et al., 2004b; Mercadante et al., 1997; Ornelas-Paz et al., 2008). Mercadante et al. (1997) 
found that all-trans-violaxanthin, all-trans-β-carotene and 9-cisviolaxanthin are major carotenoids 
in ‘Keitt’ mango pulp. In ‘Manila’ and ‘Ataulfo’ fruit mesocarp, all-trans-β-carotene and the 
dibutyrates of all-trans-violaxanthin and 9-cis-violaxanthin were the predominant carotenoids 
(Ornelas-Paz et al., 2008). There was an increase of total carotenoid contents from the mature-green 
to the ripe stage of ‘Keitt’ and ‘Tommy Atkins’ mango fruit (Mercadante and Rodriguez-Amaya, 
 14 
1998). In ‘Kensington Pride’, there was no significant effect of fruit maturity stage at harvest in 
carotenoid concentration (Lalel et al., 2003c).  
2.4.5 Flavour (taste, aroma) 
2.4.5.1 Flavour components 
Flavour is a complex attribute of quality because it encapsulates taste, mouthfeel, and aroma 
properties. Taste includes ‘sweetness, sourness, bitterness, saltiness, and aroma’ (Baldwin, 2002). 
Mouthfeel is all ‘tactile (feel) properties’ perceived from the food’s physical and chemical 
interaction in the mouth (Guinard and Mazzucchelli, 1996). Fruit aroma is defined as ‘a complex 
mixture of a large number of volatile compounds including alcohols, aldehydes, and esters’ 
(Defilippi et al., 2009).  
Differences in the composition of aroma volatile compounds among different mango cultivars have 
been found (Lalel et al., 2003a). ‘Kensington Pride’ mangoes produced 61 volatile components, of 
which 35 compounds had not been shown in previous studies (Lalel et al., 2003a). Three hundred 
and seventy-two volatile compounds have been identified that contributed to the volatile profiles of 
20 Cuban mango cultivars (Pino et al., 2005). Although ripe mangoes contain more than 300 
volatile compounds, only some are odour-active as key odourants which contribute significantly to 
aroma (Brecht and Yahia, 2009). 
Esters together with some lactones contribute to peach flavour in ‘Kensington Pride’ (MacLeod et 
al., 1988). In sensory evaluation, ‘Kensington Pride’ was scored highly for terpene, fermented, 
buttery, tropical, and floral scent (Table 2.1). ‘R2E2’ had some fermented and buttery aroma notes, 
and was also high in melon scent (Smyth et al., 2008). MacLeod and Snyder (1985) reported that 
while α-terpinolene was described as contributing floral, scented and sweet (fragrant) scents, car-3-
ene contributed pungent and mango leaf-like aromas in ‘Willard’ and ‘Parrot’ mangoes.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
Terpene hydrocarbons represent the most abundant class of volatiles for most mango cultivars 
studied (Defilippi et al., 2009; Lalel and Singh, 2006; Lalel et al., 2003a; MacLeod and de Troconis, 
1982; MacLeod et al., 1988; Pino et al., 2005). Monoterpenes was the major group among terpene 
hydrocarbons, contributing ca 49%, 50%, and 54% of total volatiles, respectively, in ‘Kensington 
Pride’(MacLeod et al., 1988), ‘R2E2’ (Lalel and Singh, 2006) and Venezuelan mangoes (MacLeod 
and de Troconis, 1982). In comparison, sequiterpene hydrocarbons were represented in lower 
concentration of 14% of total volatiles in Venezuelan mangoes (MacLeod and de Troconis, 1982). 
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Table 2.1 Odour threshold and odour quality description of major aroma compounds in ‘B74’ and 
‘Kensington Pride’ mangoes. Odour threshold is defined as the minimum concentration of odour 
compound perceived by human sense of smell (Van Gemert, 2003).  
Varieties Aroma compounds Odour quality description Odour 
threshold (µg/kg) 
Calypso Hexanal8 Green, fatty6 4.56 
 Ethyl methacrylate8 Fruity and ester aroma9 n.a 
 p-Cymene-8-ol8 Herbal, slightly minty3 11.47 
 1,3,8-p-Menthatriene8 Turpentine odour1 n.a 
 2,6-Nonadienal8 Cucumber-like6 0.016 
 -Octalactone8 Coconut
6  76 
 Dimethyl trisulfide8 Fishy, sulfur smell9 7.39 
Kensington Pride α-Terpinolene2,5,8 Floral, fragrant, piney 6 2006 
 Hexanal8 Green, fatty6 4.56 
 p-Cymene-8-ol8 Herbal, slightly minty3 11.47 
 β-Myrcene8 Fress, green grass4, resinous, 
balsamic6 
366 
 1,3,8-p-Menthatriene8 Turpentine odour1 n.a 
 Limonene5 Citrus-like6 2106 
 α-Terpinene5 Sweet9 n.a 
 3-Carene5 Resinous, sweet6 56 
 γ-Octalactone5 Coconut6  76 
Sources: 1Laohakunjit et al. (2006), 2Lalel et al. (2003a); 3MacLeod and de Troconis (1982); 
4MacLeod and Snyder (1985), 5MacLeod et al. (1988); 6Pino (2012); 7Pino et al. (2005); 
8Sunarharum et al. (2007); 9Shivashankara et al. (2006).  n.a, not available. 
Among monoterpenes, α-terpinolene was the most abundant aroma compound in ‘Kensington 
Pride’ (Lalel et al., 2003a; MacLeod et al., 1988). α-Terpinolene has also been reported as the main 
aroma constituent in ‘B74’ (Singh et al., 2004), ‘R2E2’ (Lalel and Singh, 2006), ‘Bowen’ (Malundo 
et al., 2001), ‘Parrot’ and Willard’ (MacLeod and Snyder, 1985), Cuban cultivars including 
‘Obispo’, ‘Corazón’ and ‘Huevo de toro’ (Pino et al., 2005), and Brazilian cultivars consisting of 
‘Cheiro’, ‘Chana’, ‘Bacuri’, ‘Cameta’, ‘Gojoba’, ‘Carlota’, ‘Coquinho’, and ‘Comum’ (Andrade et 
al., 2000). 3-Carene was the second major monoterpene in ‘Kensington Pride’ (Lalel et al., 2003a) 
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and ‘R2E2’ (Lalel and Singh, 2006).-3-Carene was reported as the most abundant volatile in 
‘Haden’, ‘Manga Amarilla’, ‘Macho’, ‘Manga Blanca’, ‘San Diego’, ‘Manzano’, ‘Smith’, ‘Florida’, 
‘Keitt’, and ‘Kent’ cultivars (Pino and Mesa, 2006; Pino et al., 2005). Besides terpenes, esters 
represented an important class of volatiles in ‘Kensington Pride’ (Lalel et al., 2003a).  
The variability in mango volatile compounds depends on many other factors including cultivar (i.e., 
genetics), maturity stage at harvest (Lalel et al., 2003c), part of the fruit (Lalel et al., 2003b), and 
ripening temperature (Lalel et al., 2004). Lalel et al. (2003c) suggested that harvesting at sprung 
green stage can result in greater production of aroma volatiles in ripe ‘Kensington Pride’ fruit. Lalel 
et al. (2003b) showed aroma volatiles presented more abundantly in the top mesocarp and outer 
parts of ripe ‘Kensington Pride’ mango fruit consisting of skin and outer mesocarp. Lalel et al. 
(2004) suggested that ripening temperature is a key factor directly affecting the biosynthesis of 
aroma volatile compounds in green mature ‘Kensington Pride’ mangoes. Twenty oC was found to 
be optimum for fruit ripening and aroma volatile biosynthesis in ‘Kensington Pride.  
2.4.5.2 Volatiles metabolism 
Aroma compounds are derived from many different pathways in fatty acid, amino acid, phenolic, 
and terpenoid metabolism (Baldwin, 2002) (Figure 2.1). Through β-oxidation and the lipoxygenase 
(LOX) pathway (Sanz et al., 1997), fatty acids have been considered precursors of many aroma 
volatile compounds of fruit, including terpenes, aldehydes, acids, alcohols, and esters (Bartley et al., 
1985; Lalel et al., 2004; Tressl and Drawert, 1973). During ripening, there was an increase in fatty 
acid production in ‘Kensington Pride’ mango fruit (Lalel et al., 2003a). The biosynthesis of esters 
may be related with the biosynthesis of fatty acids in ‘Kensington Pride’ mangoes (Lalel et al., 
2003a). Lalel et al. (2003d) reported that the biosynthesis of fatty acids seemed to be catalyzed by 
ethylene in ‘Kensington Pride’. Higher ripening temperature up to 30 oC increased the level of all 
fatty acids, except palmitic, palmitoleic, and linolenic acids (Lalel et al., 2004).  
Sanz et al. (1997) reported that only a few classes of aroma components were created directly from 
carbohydrate metabolism. The biosynthetic synthesis of monoterpenes and sesquiterpenes 
diterpenes is reported to be catalyzed by terpene synthases (Chen et al., 2004a; Nieuwenhuizen et 
al., 2009). Norterpenoids or norisoprenoids are aroma compounds which originated from 
carotenoids (Defilippi et al., 2009; Winterhalter and Rouseff, 2002).  Cleavage of the carotenoid 
chain was catalyzed by carotenoid cleavage dioxygenases (CCD) (Booker et al., 2004; Kato et al., 
2006). Pott et al. (2003) suggested that the expression of ccd4 played the major role in the 
accumulation of carotenoids and carotenoid-derived volatiles in peach fruit flesh. 
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Amino acids are involved in aroma biosynthesis in fruits and vegetables as direct and indirect 
precursors to generate alcohols, carbonyls, acids, and esters (Defilippi et al., 2009; Sanz et al., 1997; 
Tressl and Drawert, 1973). Amino acids, including leucine, valine and phenylalanine are 
predominant direct precursors to generate aroma compounds in banana (Tressl and Drawert, 1973). 
 
Figure 2.1 Biosynthesis pathways of major volatile compounds in fruits (from Defilippi et al., 
2009). Abbreviations: LOX, lipoxygenase; HPL, fatty acid hydroperoxide lyase; ADH, alcohol 
dehydrogenase; AAT, alcohol acyl transferase; PDC, pyruvate decarboxylase; THMF, 3-ketoacyl-
CoA thiolase; CCD, carotenoid cleavage dioxygenase; MTS, monoterpene synthase; TPS, terpene 
synthase; and, Acetyl CoA, acetyl coenzyme A. 
2.5 Mango skin disorders 
2.5.1 Lenticel discolouration 
2.5.1.1 Origin and structure of lenticels 
Lenticels are macroscopic openings on the mango fruit skin that can contribute to gaseous exchange 
and transpiration. Lenticels in mangoes typically derive from stomata. They enlarge during fruit 
growth, largely due to stretching of the fruit surface (Bezuidenhout et al., 2005; Rymbai et al., 
2012). Bally (1999) confirmed that lenticel formation in ‘Kensington Pride’ was due to the 
rupturing of stomata.  
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Tamjinda et al. (1992) found that cells surrounding the lenticel were smaller than surrounding cells 
and had many intercellular spaces. Bezuidenhout et al. (2005) reported that cells below the stomatal 
cavity had thinner cell walls and larger intercellular spaces. Lenticels of different mango cultivars 
vary in size. For example, mature lenticels of ‘Kent’ are smaller in size than those of ‘Tommy 
Adkins’ and ‘Keitt’ cultivars (Bezuidenhout and Robbertse, 2004). In ‘Tommy Atkins’ mangoes, 
lenticels were the most organised with the largest lenticel cavity but the smallest aperture as 
compared with ‘Kent’ and ‘Keitt’ (Du Plooy et al., 2009b).  
2.5.2.1 Mechanisms of lenticel discolouration 
Several studies on the mechanisms of mango LD have been conducted. Bezuidenhout et al. (2005) 
observed that discolouration occurred in the form of light purple areas due to pigment accumulation 
in the vacuoles of sub-lenticellular cells (Figure 2.2). The vacuolar deposition of phenolic 
compounds resulted in increased reddening, and eventual darkening of the lenticels (Du Plooy et al., 
2009a). Tamjinda et al. (1992) found that polyphenols were associated with discoloured cells. 
Brown or black discoloured lenticels were associated with accumulation of quinine in the cell walls. 
Red LD was associated with the production of anthocyanins in sub-lenticellular cells (Self et al., 
2006) and phenylpropanoid derivatives (Du Plooy et al., 2009a). 
Lenticel structure likely influences susceptibility to lenticel discolouration. Tamjinda et al. (1992) 
found that ‘Falan’ mango did not develop lenticel discolouration. This variety had a cork cambium 
which was considered to prevent cell wall shearing and maintain cell integrity. Bezuidenhout et al. 
(2005) concluded that the lack of a cork cambium and cork cells in lenticels of susceptible mango 
cultivars contributed to less organised lenticels and increased LD potential. 
Cultivar-dependant susceptibility to LD was related to the totals of wax, suberin as well as cutin in 
the lenticels (Du Plooy et al., 2004). LD susceptibility appears to increase by the bad weather that 
involves rain in the latter stages of the fruit growth (see below). Fruit wetting presumably allows 
water and other contaminants to stimulate a stress response in cells surrounding the lenticel cavity. 
This phenomenon may explain why cultivars with less organised lenticels are more susceptible to 
discolouration. Mango sap on the skin during desapping the fruit is also a cause of lenticel damage 
(O'Hare and Prasad, 1992). Mango sap is comprised of an oil fraction (largely alkenyl resorcinol) 
and a protein-polysaccharide fraction (Hassan et al., 2009). Studies suggest that the oil fraction is 
the major contributor to lenticel damage (O'Hare, 1994; O’Hare et al., 1999). LD can be induced by 
terpenes from the resin of both ‘Tommy Adkins’ and Keitt’ fruit. These terpenes evidently destroy 
the integrity of cell membranes (e.g. tonoplast) of the sub-lenticellular cells, thereby allowing 
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polyphenol oxidase direct contact with phenolic substrates in cell walls (Bezuidenhout et al., 2005). 
Bezuidenhout et al. (2005) also suggested that discolouration may be caused by sap migrating from 
resin canals to lenticels in close proximity, particularly during periods of high rainfall and fruit 
turgor (Figure 2.3). 
 
 
Figure 2.2 Vacuolar accumulation of 
pigmentation in sub-lenticellular cells of mature 
‘Tommy Atkins’ mango fruit stained with 
Safranin A (from Bezuidenhout et al., 2005). 
Figure 2.3 Damaged resin duct adjacent to 
discoloured lenticels of ‘Keitt’ mango exocarp  
(from Bezuidenhout et al., 2005). Ep, epithelial 
cells; rd, resin duct. 
2.5.2 Under-skin browning 
Under-skin browning (USB) is a visible injury under the epidermis of ‘Honey Gold’ mango fruit. It 
appears as diffuse areas on the fruit surface, but with no damage to the flesh (Hofman et al., 2010; 
Holmes et al., 2010). In some cases, the unaffected cuticle on the skin has an opaque appearance. 
The defect is usually not obvious at harvest, but develops as the fruit ripens. USB results in loss of 
value and reduced sales. 
The mechanism regulating USB development is not clear. Hofman et al. ( 2010) found that delayed 
or slowed cooling before or after packing can reduce the incidence of USB on ‘Honey Gold’ 
mangoes. It is apparent that fruit from relatively hotter production areas are more susceptible, 
perhaps due to greater differences between field temperature and postharvest temperatures, 
including during cooling. 
USB often occurs around areas of visible physical injury upon prolonged vibration during transport. 
Reducing fruit to fruit contact using the tray liners or tray with plastic reduced USB expression 
following road transport of ‘Honey Gold’ mango fruit from the Northern Territory to Brisbane 
(Marques et al., 2012). Light microscopy of affected areas on ‘Honey Gold’ mango skin revealed 
the retention or accumulation of starch around resin canals and discoloured cells in affected versus 
non-USB-affected epidermal tissue (Figure 2.4). The browning may be related to discolouration of 
latex vessels that spreads to surrounding cells (Hofman et al., 2010). 
rd Ep 
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Figure 2.4 Retention or accumulation of starch granules revealed in starch-iodine stained USB-
affected tissue (from Marques et al., 2012). C, cuticle; RC, resin canal; SL, starch layer. Scale bars 
= 0.1 mm. 
2.5.3 Resin canal discolouration 
Resin canal discolouration or disorder (RCD) has evidently become relatively more prominent on 
the domestic Australian market in recent seasons. This disorder presents as unsightly black streaks 
in the epidermal outer layers of the flesh. On the skin, the disorder progresses in severe cases as 
large blackened areas (Brann, 2013; Holmes et al., 2010). RCD is associated with the discolouration 
of the resin canals that contain the sap manifested in a finely branched pattern of sub-cuticular black 
streaks (Figure 2.5). The damage usually occurs on the distal ‘nose’ or the mid-region of the mango 
fruit. 
 
Figure 2.5 Resin canal disorder symptom in ‘Kensington Pride’ mango fruit. 
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The causes are unknown, but are likely a combination of production factors increasing fruit 
susceptibility and postharvest factors causing fruit stress that contribute to disorder expression in 
these more susceptible fruit. 
2.6 Pre-harvest management 
Most postharvest skin defects/disorders are not obvious at harvest, but become so from several days  
after harvest to near ripe. Pre-harvest factors that can potentially influence skin disorders include 
cultivar, climate, soil, nutrition, and water stress. Relatively little has been published on these 
interactions, except for lenticel discolouration. 
2.6.1 Cultivar 
Cultivar plays an important role in susceptibility to disorders. According to Hofman et al. (2010), 
USB mainly occurs on ‘Honey Gold’ while RCD is often more obvious on ‘Kensington Pride’. The 
susceptibility of mango to LD is also cultivar-dependant (Du Plooy et al., 2009b; Oosthuyse, 1999). 
For example, ‘Tommy Atkins’ and ‘Keitt’ are generally more susceptible to LD as  compared with 
‘Kent’ (Bezuidenhout and Robbertse, 2004; Oosthuyse, 1998). Also, LD is generally least 
noticeable on ‘Honey Gold’ as compared with ‘Kensington Pride’, ‘R2E2’, and ‘B74’ (authors 
observations). Relative cultivar susceptibility appears to be influenced by the degree of 
disorganisation of the cells around the lenticel cavity and also the presence and extent of 
suberisation and cutinisation on the cells lining the cavity (Du Plooy et al., 2004). 
2.6.2 Moisture  
Moisture can have a significant influence on fruit appearance, especially skin and flesh disorders. 
Duvenhage (1993) showed that LD in avocado was more severe when fruit were picked wet as 
compared to dry-harvested fruit. Also, wet-harvested fruit had higher incidence of black cold 
damage which was related to the response to low temperature. Hofman et al. (1997) reported that 
mango fruit from cooler growing locations and harvested in the rain were more susceptible to 
chilling injury. 
The influence of both excess and deficit water stress on skin disorders depends on the timing and 
extent of water stress. Excess water in soil during fruit growth is one of main causes of translucent 
flesh disorder and gamboge disorder in mangosteen fruit (Sayan and Rawee, 2005). Incidence of 
both disorders can be reduced by controlling soil water potential at about -70 kPa. Simmons et al. 
(1998) reported that withholding irrigation for 12 weeks after flowering and from 7 weeks before 
 22 
harvest significantly reduced lenticel spotting in ‘Kensington Pride’ mango, possibly by minimising 
stretching of the skin during fruit growth. In ‘Keitt’ and ‘Tommy Atkins’, LD decreased 
significantly as soil water potential decreased to –50 to –70 kPa (Cronje, 2009). Thus, reducing soil 
water potential in orchards with a history of LD can help reduce LD. 
2.6.3 Nutrition 
Nutrient balance influences many physiological disorders. Calcium (Ca) is an important mineral in 
the physiological and biochemical processes in plants and is particularly important in fruit disorders 
(Hewett, 2006), including skin disorders. For example, Dong et al. (2014) reported that Ca2+ 
deficiency can lead to the increased incidence of skin browning spot in ‘Huangguan’ pear fruit. 
There is limited information on nutrient effects on mango skin disorders, but nutrient effects on 
flesh disorders such as soft nose and jelly seed are well documented (Cracknell Torres et al., 2002; 
Johnson and Hofman, 2009). In general, higher calcium and lower N treatments are associated with 
lessening of disorder severity. Disorders are also lessened by other factors that can influence the 
water, carbohydrate and mineral balance in the fruit, such as excess vegetative growth and water 
supply (Beverly et al., 1993). It is possible these factors also influence fruit susceptibility to USB. 
2.6.4 Fruit bagging 
Pre-harvest bagging can reduce disease and blemish. Chonhenchob et al. (2011) observed that 
bagging significantly reduced the severity of mango physical damage, skin browning, insect 
damage, and disease defects. Bagging ‘Sensation’ mango reduced fruit blemish (Shorter et al., 
1997). Bagging with paper bags 70 days after flowering reduced the incidence of lenticel and 
browning blemish of ‘Apple’ mango (Mathooko et al., 2009). It is not known if bagging would 
affect USB development. It suggests that bagging treatment should be tested on ‘Honey Gold’ 
mango fruit to evaluate its potential effects on USB prevention. 
2.7 Irradiation of mango fruit 
Irradiation is recommended as an effective quarantine or phytosanitary treatment. The purpose of 
irradiation is to prevent the spread of regulated pests or diseases as it can kill or sterilize 
microorganisms or insects by damaging their DNA (FAO, 2008). In 1986, the U.S. Food and Drug 
Administration was amended to permit irradiation at specific doses to delay maturation, inhibit 
growth, and control disinfect foods, including vegetables and spices (FDA, 1986). 
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2.7.1 Sources 
Sources of ionizing radiation include radioactive isotopes viz., ‘cobalt-60 or caesium-137’, ‘high-
energy electrons from machine’, and ‘X-rays’ (FAO, 2008; Kilcast, 1995). Gray (Gy), which is the 
amount of ionizing radiation energy absorbed by the irradiated material in joules per kilogram of 
material, is the measurement unit (Huda, 1997). Hallman (2000) reported that X-ray radiation and 
gamma () ray from isotopes can be used for pallet-loads. Additionally, electron beam radiation is 
limited to small products as it penetrates only a thin surface to just a few centimetres.  
2.7.2 -Irradiation and mango fruit 
The effectiveness of -irradiation in eliminating insect pests and controlling postharvest spoilage 
organisms on mangoes is reported in Table 2.2. For instance, Bustos et al. (2004) found that a dose 
of 150 Gy was sufficient to assure quarantine security against the infestation of fruit fly in 
‘Ataulfo’, ‘Kent’, and ‘Keitt cultivars. Heather et al. (1991) determined that irradiation treatment 
with 74 - 101 Gy of ‘Kensington Pride’ mangoes was effective to inactivate eggs or larvae of 
Bactrocera tryoni (Froggatt) and B. jarvisi (Tryon). A dose of 100 Gy was sufficient to disinfest 
mango seed weevil in ‘Haden’ mangoes (Follett, 2001). Santos et al. (2010) showed that -radiation 
at 0.45 kGy inhibited the development of 'Tommy Atkins' mango rot caused by Fusicoccum 
incidence. A combination of dipping ‘Zebda’ mangoes in hot water (55 oC/5 min) with irradiation 
up to 1 kGy was an appropriate treatment for shelf life extension (El-Samahy et al., 2000). 
For mangoes, irradiation has variable effects on quality characteristics. Moreno et al. (2006) found 
that irradiation at up to 1.0 kGy retained overall fruit quality attributes and extended the shelf life of 
‘Tommy Atkins’ mangoes. Irradiations at medium (1.5 kGy) and high (3.1 kGy) dose levels were 
compromised by potential change to fruit texture; viz., softening. Sensory panelists indicated 
unacceptable overall quality, colour, texture, and aroma for fruit treated with 3.1 kGy. According to 
Cruz et al. (2012), starch degradation in Tommy Atkins mangoes was affected by irradiation. For 
example, fruit exposed to 0.4 and 1.0 kGy showed higher rates of starch hydrolysis than for non-
irradiated fruit. However, there were no significant differences in total sugar content between 
treated and control fruit. Mitchell et al. (1990) found no significant effects on the carotene content 
in ‘Kensington Pride’ mango fruit irradiated at 0.75, 0.3 and 0.6 kGy. 
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Table 2.2 Effects of irradiation on insect pests and spoilage organisms. 
Dose (Gy) Variety Effectiveness Ref. 
150 Ataulfo, Kent 
and Keitt 
prevent adult emergence of Mexican fruit 
fly (Anastrepha ludens), West Indies 
fruit fly (A. obliqua), sapote fruit fly (A. 
serpentina), and Mediterranean fruit fly 
(Ceratitis capitata) 
Bustos et al. 
(2004) 
74 - 101 Kensington inactivate eggs or larvae of Bactrocera  
tryoni and B. jarvisi 
Heather et al. 
(1991) 
100 Haden disinfest of mango seed weevil  Follett (2001) 
450 Tommy Atkins inhibit mango rot by Fusicoccum Santos et al. 
(2010) 
1000  
+ hot water 
treatment 
Zebda shelf life extension from 1 week to 2 
weeks 
El-Samahy et 
al. (2000) 
2.8 Conclusions and perspectives 
Although Australian mango production is not significant as compared to the world scale (AAG, 
2006), mango is one of the major horticultural crops in Australia (AMIA, 2016). -Irradiation is an 
effective and approved post-harvest quarantine treatment in mango (Ducamp Collin et al., 2007; 
Follett, 2004). LD is the real issue facing by many cultivars in the world including Australian 
mango genotypes. Irradiation induced the development of LD in mango (Marques et al., 2016). 
However, limited study has been conducted on the effects of irradiation in term of appearance and 
internal quality attributes on importantly commercial Australian mango cultivars. Based on the 
literature review, the cultivar-dependant susceptibility of important Australian mangoes to LD 
should be evaluated in order to illustrate a better understanding the cultivar response to irradiation 
in terms of LD. In addition, the impact of irradiation on other ripening parameters, including 
external appearance attributes and flavour is an additional interest. Better visualization of the 
discolouration of entire lenticels provides a detailed understanding of morphology differences in 
LD. 
The mechanism of the development of USB and RCD are still unclear. It is likely USB and RCD 
development may be related to different cell biology processes. USB is thought to be associated 
with the release of sap from resin canals (laticifers) within the exocarp. USB symptoms can develop 
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in response to physical stress (e.g. abrasion) and low temp erature (e.g. < 12 - 14 C) exposure 
during postharvest handling. Pre-harvest variables may also influence the occurrence of USB.  In 
the context of this thesis, a postulated effect of harvest time over the diurnal cycle should be 
evaluated in regard to the propensity of fruit to develop USB. More importantly, the comparative 
anatomy of these browning disorders should be examined to receive a fuller understanding of the 
comparative biochemistry of these symptom expressions.   
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CHAPTER 3. STABLE ISOTOPE DILUTION ASSAY (SIDA) AND HS-SPME-
GCMS QUANTIFICATION OF KEY AROMA VOLATILES FOR FRUIT 
AND SAP OF AUSTRALIAN MANGO CULTIVARS 
Abstract 
Reported herein is a high throughput method to quantify in a single analysis the key volatiles that 
contribute to the aroma of commercially significant mango cultivars grown in Australia. The 
method constitutes stable isotope dilution analysis (SIDA) in conjunction with headspace (HS) 
solid-phase microextraction (SPME) coupled with gas-chromatography mass spectrometry 
(GCMS). Deuterium labelled analogues of the target analytes were either purchased commercially 
or synthesised for use as internal standards. Eight volatiles, hexanal, 2-carene, 3-carene, α-
terpinene, p-cymene, limonene, α-terpinolene and ethyl octanoate, were targeted. The resulting 
calibration functions had determination coefficients (R2) ranging from 0.93775 to 0.99741. High 
recovery efficiencies for spiked mango samples were also achieved. The method was applied to 
identify the key aroma volatile compounds produced by ‘Kensington Pride and ‘B74’ mango fruit 
and by ‘Honey Gold’ mango sap. This method represents a marked improvement over current 
methods for detecting and measuring concentrations of mango fruit and sap volatiles.  
3.1 Introduction 
Mango fruits are highly desired by consumers because of their distinctive and evocative flavour as a 
function of their aroma and taste. Australia produces ca. 50,000 tonnes of mango fruit for domestic 
and export markets annually (AMIA, 2016). ‘Kensington Pride’, ‘B74’, ‘Honey Gold’ and ‘R2E2’ 
are the main cultivars grown commercially (Dillon et al., 2013). These Australian varieties are not 
grown widely overseas. Nonetheless, they are in high demand both domestically and as premium 
products in export markets due to their distinctive fruit odour profiles. The intense flavour of the 
fruit of Australian mango cultivars has been reported to be a crucial attribute that drives repeat 
purchases by consumers (Florkowski et al., 2014a). The mango industry has responded to this 
driver by focusing horticultural research on optimising agronomic and postharvest handling 
practices to maximise flavour production by fruit; for example, a ‘guaranteed sweet’ program 
(Florkowski et al., 2014a). 
Several hundred volatile compounds have been identified in mango fruits (Andrade et al., 2000; 
Lalel and Singh, 2006; Lalel et al., 2003; MacLeod and de Troconis, 1982; MacLeod et al., 1988; 
MacLeod and Snyder, 1985; Pino et al., 2005; Shivashankara et al., 2006). The volatile profile 
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varies considerably among different mango cultivars. The selection of the eight targeted compounds 
was based on their presence in the headspace analysis and their contribution to the flavour of mango 
fruit. For example, α-terpinolene is considered a key aroma volatile responsible for the 
characteristic flavour of ‘Kensington Pride’, the most commonly grown cultivar in Australia (Lalel 
et al., 2003). It was also shown to be present in relatively high abundance in ‘Cheiro’, ‘Chana’, 
‘Bacuri’, ‘Cametá’, ‘Gojoba’, ‘Carlota’, ‘Coquinho’ and ‘Comum’ mango fruits (Andrade et al., 
2000). Other volatile compounds, including hexanal, 3-carene and limonene, are also considered 
important as they have been found in mango fruits at concentrations above their sensory thresholds 
(Pino, 2012). 3-Carene has a sweet and pungent odour and quantitatively represented the second 
main volatile compound produced by ‘Kensington Pride’ mango fruit (2003). In ‘Kensington Pride’ 
mango, α-terpinene was present as the major volatile component at the climacteric stage, while the 
highest concentrations of limonene and p-cymene were found during the pre-climacteric stage. 2-
Carene was also highest among other monoterpenes at the over-ripe stage. Ethyl octanoate replaces 
-terpinolene in dominance after fruit reach the fully ripe stage. Ethyl octanoate has a low odour 
activity value. Nonetheless, it is important in the aromatic equilibrium phase as the most abundant 
constituent, and is a potential indicator of ‘Kensington Pride’ mango fruit senescence.  
Mango sap has two phases including an oily upper non-aqueous phase and a milky lower aqueous 
phase. It is interesting to note that the non-aqueous phase, which is rich in terpenoids, plays an 
important role in the plant’s defence against bacteria and fungus (Negi et al., 2002). In this study, 
limonene was reported as the dominant terpenoid compound. Moreover, a ‘sapburn’ browning 
injury was largely due to sap exudation on the mango fruit surface (Loveys et al., 1992). This 
blemish reduces the visual quality of fruit and leads to the loss of market confidence. Terpinolene 
was abundant in the non-aqueous phase of ‘Kensington Pride’ mango sap that is evidently related 
with this browning (Loveys et al., 1992). 
The purpose of the present study was to develop a rapid, accurate and precise analytical method 
utilising a combination of Stable Isotope Dilution Analysis (SIDA) and Head-space Solid phase 
microextraction (HS-SPME) in combination with gas chromatography mass spectrometry (GC-MS) 
to quantify characteristic aroma volatiles produced by fruits and sap of Australian mango cultivars 
to assist flavour optimisation research. This analytical work was conducted towards better 
understanding the role of sap components in antimicrobial activities and sapburn injury. Eight key 
aroma volatile compounds, hexanal, 2-carene, 3-carene, α-terpinene, p-cymene, limonene, α-
terpinolene, ethyl octanoate, were targeted for ripe ‘Kensington Pride’ and ‘B74’ mango fruit and 
for ‘Honey Gold’ mango sap.  
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HS-SPME coupled with GC-MS is a relatively simple, rapid, inexpensive, and solvent -free 
technique for quantifying volatiles (Butkhup et al., 2011; Sánchez-Palomo et al., 2005). However, 
matrix effects and other potential sources of variation (e.g. MS detector, ionic strength and other 
matrices) can considerably impact the quantification of results, particularly their accuracy and 
precision (Yuan et al., 2013). SIDA provides an alternative approach to eliminate variability related 
to sample preparation and matrix effects and to improve the recovery of the analytes (Maraval et al. ,  
2010). The combined analytical method of SIDA and HS-SPME-GC-MS is considered more 
accurate, precise, rapid and sensitive than other quantitative techniques, such as liquid–liquid 
extraction, especially for low volatile and polar odorants (Siebert et al., 2005). 
Quantification methods have been developed previously for the analysis of volatiles in mango. The 
common examples are where analytical methods have been applied either to compare the most 
abundant aroma compounds between mango cultivars (Munafo et al., 2014; Nicola and Fontana, 
2014; Pandit et al., 2009a; Pino et al., 2005), to measure differences in volatile aroma components 
between ripened and mature green mango fruits (Lalel et al., 2003; Pandit et al., 2009b; 
Shivashankara et al., 2006) or to quantify the major aroma-active compounds in tree-ripened mango 
fruit (Munafo et al., 2016). These methods only provide definite and accurate quantification results 
if recovery rates and response factors are measured for each compound against  a suitable internal 
standard. Some studies (Loveys et al., 1992; John et al., 1999) demonstrate only the percentage 
composition of sap and not the quantitative concentrations of aroma volatiles in sap. Musharraf et 
al. (2016) quantified the volatile concentration of different Pakistani mango sap using gas 
chromatography triple quadrupole mass spectrometry. However, limited information is given 
regarding the effect of the sap matrix on the quantification. In most cases, such rigor in analytical 
method development has not been employed for the analysis of mango volatiles. 
Ideally, in analytical methods development, the response of analytes should be calibrated to an 
internal standard that behaves very similarly both chemically and physically to the analyte in a 
given matrix. This is particularly important where SPME is employed due to variation in the 
adsorption properties of different analytes to the fibre. Techniques that overcome these challenges 
use either deuterium or carbon-13 labelled analogues of target analytes as internal standards. 
Deuterium labelled standards are commonly applied as they are readily accessible (Florkowski et 
al., 2014b) and relatively inexpensive as compared to 13C-labeled standards. This technique known 
as SIDA has been applied in combination with SPME for the analysis of volatiles in rice (Maraval 
et al., 2010), freeze-dried Cheonggukjang (Park et al., 2007), olive oil (Dierkes et al., 2012),  juice 
and wine (Kotseridis et al., 2008), for which target analytes are successfully measured in 
concentrations ranging from µg/l down to ng/l. To date, however, the combination of SIDA and 
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HS-SPME-GC-MS has not been proven for quantitative analysis of key aroma volatiles in mango 
fruit and sap, which inspired our method development in this space. 
3.2 Materials and methods 
3.2.1 Materials 
All solvents were HPLC grade and all reagents were purchased from Sigma-Aldrich, Australia. The 
standards used included hexanal (Sigma-Aldrich, Australia), 2-carene (Sigma-Aldrich, Australia), 
3-carene (Sigma-Aldrich, Australia), α-terpinene (Sigma-Aldrich, Australia), p-cymene (Sigma-
Aldrich, Australia), limonene (Sigma-Aldrich, Australia), α-terpinolene (Fluka, Australia) and ethyl 
octanoate (Sigma-Aldrich, Australia). d15-Ethyl octanoate and d12-hexanal were purchased from 
CDN Isotopes (CDN, Canada). Deuterium labelled internal standards d6-α-terpinolene and d5-
limonene were synthesised in-house, as they were not commercially available. 
3.2.2 Synthesis of isotopes 
The commercially available methyl 4-methyl-cyclohex-3-ene-1-carboxylate was reacted with an 
excess of d3-methyl magnesium iodide to provide d6-terpineol (Ketter and Herrmann, 1990). 
Phosphoryl chloride mediated elimination of water (procedure for unlabelled terpineol given below) 
produced a mixture of d6-terpinolene and d5-limonene (Korstanje et al., 2012; Rudloff, 1961). Both 
compounds were partially separated by column chromatography on silver impregnated silica gel 
(Mander and Williams, 2016; Williams and Mander, 2001) to give 9:1 and 1:1 fractions of d6-
terpinolene and d5-limonene. The fractions were characterised by high field 
1H and 13C NMR as 
well as by Bruker AV400MHz mass spectrometry. For 1H NMR, residual CHCl3 in CDCl3 was 
referenced at 7.26 ppm. For 13C NMR, the central peak of the CDCl3 triplet (77.0 ppm) was used 
to reference chemical shifts. GC/MS was performed using a Shimadzu-17A GC equipped with 
J&W Scientific DB5 column (internal diameter 0.2mm; 30m) coupled to a Shimadzu QP5000 Mass 
Spectrometer (70eV). 
d6-α-Terpinolene (Zou et al., 2008): 
1H NMR (CDCl3, 400 MHz): δ 1.65 (s, 3H, H3-7), 1.99 (m, 2H), 2.30 (t, J = 6.4 Hz, 2H), 2.71 (m, 
2H), 5.35 (m, 1H, H-2). 
13C NMR (CDCl3, 125 MHz): δ 23.4, 26.6, 29.5, 31.5, 120.8, 121.3, 127.6, 134.2. 
d5-Limonene (Guo et al., 2016): 
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1H NMR (CDCl3, 400 MHz): δ 1.49 (m, 1H), 1.64 (br s, 3H, H3-7), 1.73 – 2.12 (m, 4H), 2.30 (m, 
1H), 2.71 (sextet, J = 2 Hz, 1H, H-4), 5.35 (m, 1H, H-2).  
13C NMR (CDCl3, 125 MHz): δ 23.4, 27.9, 30.6, 30.8, 41.0, 120.7, 133.8, 150.0. 
Elimination of water from terpineol: A solution of α-terpineol (1.0 g, 6.5 mmol) in anhydrous 
pyridine (10 ml) was added in phosphoryl chloride (1.2 ml, 13.0 mmol) under a N2 atmosphere at 
0 °C. The reaction mixture was gradually warmed up to room temperature and stirred for 20 h. The 
reaction mixture was then added to cold water and extracted with petroleum spirit (2 × 10 ml). The 
organic phases were washed with a saturated solution of copper sulfate, dried over anhydrous 
magnesium sulfate and concentrated to give a yellow oil (0.75 g, 85%) consisting of terpinolene and 
limonene (1:1 by GC-MS) along with a small amount of chlorinated side product (8% by GC-MS). 
3.2.3 Mango fruit 
‘B74’ mango fruit were collected at commercial maturity (dry matter contents of 13.9, and 13.6%) 
from orchards near Dimbulah, Queensland, Australia (-17.149 oS, 145.111 oE) and Goodwood, 
Queensland, Australia (-25.10 oS, 152.37 oE), respectively. ‘Kensington Pride’ mango fruit were 
harvested at commercial maturity (dry matter contents of 13.1 and 13.6%) from orchards near 
Mareeba, Queensland, Australia (-16.992 ºS, 145.422 ºE) and Childers, Queensland, Australia (-
25.17 oS, 152.17 oE), respectively. The dry matter of mango fruit was analysed destructively as 
described in Appendix 3. Thirty biological fruit replicates with three technical replicates per 
biological replicate were used for each ‘B74’ mangoes and ‘Kensington Pride’ mangoes. All fruit 
were de-stemmed in Mango Wash® (Septone, ITW AAMTech, Australia) for 2 min and graded for 
uniform quality as per commercial procedures. ‘Nam Dok Mai’ mango fruit for method validation 
were collected from the major commercial market at Rocklea near Brisbane, Queensland, Australia 
(-27.28 oS, 153.03 oE). The fruit were packed as a single layer into cardboard trays with plastic 
liners and transported within 24 h by airplane and / or car to the Maroochy Research Facility 
postharvest laboratory near Nambour, Queensland, Australia. They were then treated with 10 µl/l 
ethylene for 2 d at 20 ºC to trigger ripening as per commercial practice. Thereafter, the fruit were 
maintained at 20 ºC until ripe. The flesh of one cheek of each fruit was then removed using a sharp 
knife. A vertical section of flesh from the proximal stem end to the distal fruit tip was diced into 
small pieces and stored in glass bottles at -20 ºC for 2 - 3 months pending analysis. Prior to 
instrumental analysis, samples were thawed and blended with an Ultra-Turrax® (IKA, Germany) 
stick blender ready for sampling directly into headspace vials. 
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3.2.4 Mango sap 
‘Honey Gold’ mango fruit were harvested at commercial maturity from an orchard near Katherine, 
Northern Territory, Australia (14.28 °S, 132.16 °E). Fruit with a 2-5 cm-long pedicel attached were 
carefully transported to a nearby packing shed. The pedicel was broken at the abscission zone and 
the fruit inverted to allow the sap to drain over 4 - 5 min. The sap was collected into glass vials. The 
sap from 20 fruit was collected for each replication. The vial opening was covered with a piece of 
aluminium foil and closed with an aluminium screw-on cap. The collected sap was stored at -20 oC 
pending analysis. The aqueous phase of sap (lower phase) was separated using a 5810 R centrifuge 
(Eppendorf, Germany) at 3000 rpm for 10 min and used in the validation. 
Aliquots of 0.1 g of sap, either whole sap or aqueous sap lower phase, were dissolved in 10 ml of 
distilled water. The diluted samples were mixed well using a ball mill MM400 (Retsch GmbH, 
Germany) for 30s and then diluted a further 50 times with distilled water. A volume of 2.5 ml 
diluted sap was then added to a 20 ml HS-SPME vial (Merck, Australia) containing 2.5 ml of 
saturated sodium chloride (NaCl) solution and a magnetic stir flea (5 x 2 mm) for aroma analysis. 
Five biological replicates with two technical replicates per biological replicate were p repared for 
analysis. 
3.2.5 Calibration and validation of method 
The calibration and validation of method were determined using the method of Siebert et al. (2005) 
with some modifications. Standard solutions were prepared using analytical reagent grade 
chemicals. A combined stock solution which contained each of the target analytes (viz., hexanal, 2-
carene, 3-carene, α-terpinene, p-cymene, limonene, α-terpinolene and ethyl octanoate) in ethanol 
(Merck, Australia) was also prepared. Solutions were always made in duplicate from separately 
weighed reagents to ensure precision in their preparation. The stock concentration of target analytes 
were approximately 0.5 g/l (hexanal and p-cymene), 0.5 g/l (2-carene), 2 g/l (3-carene and α-
terpinene), 10 g/l (limonene) and 20 g/l (α-terpinolene). 
In duplicate, water, mango flesh and aqueous sap lower phase were spiked with increasing levels of 
the combined stock solution of analytes so that the resulting concentrations in water were 
approximately 0, 1.5, 3, 6, 15, 30, 60, 150, 300 and 600 µg/l for hexanal and p-cymene, 0, 0.5, 1, 2, 
5, 20, 50, 100, 200 and 400 for 2-carene, 0, 5, 10, 20, 50, 100, 200, 500, 1000 and 2000 µg/l for 3-
carene, α-terpinene and ethyl octanoate, 0, 25, 50, 100, 250, 500, 1000, 1500, 5 000 and 10 000 µg/l 
for limonene, and 0, 50, 100, 200, 500, 1000, 2000, 5000, 10 000 and 20 000 µg/l for α-terpinolene. 
A dilution of mango flesh of 1:400 was spiked with different amounts of α-terpinolene (0, 50, 100, 
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200, 500, 1000, 2000, 5000, 10 000 and 20 000 µg/l) in order to have a low α-terpinolene 
concentration for optimising the MS signal of α-terpinolene. The solutions were prepared in SPME 
vials for analysis (n = 10 x 2). The concentrations of analytes in the samples were calculated from 
the peak area ratios for the unlabelled and labelled compounds versus the concentration ratio. 
Validation parameters including the calibration relative standard deviation (RSD) and recovery 
were calculated in spiked concentration levels of each standard compound. The limit of detection 
(LOD) and limit of quantification (LOQ) were calculated on the basis of 3.3/S and 10/S, 
respectively (Musharraf et al., 2016).  is the standard deviation of the y -intercepts and S is the 
slope of the calibration curve. 
3.2.6 Headspace sampling of volatiles for analysis 
A sample of either 2.5 g homogenized mango flesh or 2.5 ml aqueous solution of standards was 
added to a 20 ml SPME vial (Merck, Australia) containing 2.5 ml of saturated sodium chloride 
(NaCl) solution and a magnetic stirrer flea (5 x 2 mm). Vials were immediately sealed with a screw 
cap fitted with a silicone/PTFE septum. Subsequently, 100 μl of combined internal standard 
solution was injected through the septum and the vial was shaken well. The deuterated internal 
standards were added at concentrations of 30 µg/l for d12-hexanal, 50 µg/l for d15-ethyl octanoate 
and 106 µg/l for both d6-α-terpinolene and d5-limonene as equivalent to the amount of mango flesh 
in the vial. The vial and its contents were heated to 40 °C with stirring at 250 rpm for 2 min 
followed by extraction with a divinylbenzene/carboxen/polymethylsiloxane (DVB/CAR/PDMS, 
'grey', 1 cm) 50/30 μm fibre (Supelco, USA) which was exposed to the headspace for 30 min. The 
SPME fibre was injected into the Programmable Temperature Vaporizing (PTV) inlet (Gerstel, 
Germany) set at 200 °C in splitless mode and the fibre was desorbed for 8 min. 
3.2.7 Instrumental analysis of volatiles  
An Agilent 6890 gas chromatograph (Agilent Technologies, USA) equipped with a Gerstel 
MPS2XL multi-purpose sampler and coupled to a 5975N mass selective detector was used for the 
analysis of samples. The instrument was controlled by and the data analysed with MSD 
Chemstation E. 02. 02. 1431software (Agilent). The gas chromatograph was fitted with a ~30 m x 
0.25 mm fused silica capillary ZB-5ms column (Phenomenex, Australia) with 0.25μm film 
thickness. Helium carrier gas (BOC Gas) using a linear velocity of 44 cm/s with a constant flow rate 
of 1.5 ml/min was used. The pressure was 75.7 kPa and total flow was 70.5 ml/min. The oven had 
an initial temperature of 40°C that was held for 2 min, increased to 80 °C at 2 °C/min and then to 
220 °C at 40 °C/min and held for 5 min. The PTV inlet was fitted with a 0.75 mm borosilicate glass 
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SPME inlet liner (Agilent). The mass spectrometer quadrupole temperature was set at 230 °C, the 
source was set at 250 °C, and the transfer line at 280 °C. Ion electron impact spectra at  70 eV were 
recorded in selective ion monitoring (SIM) or scan (35-350 m/z) mode. 
3.3 Results and Discussion 
3.3.1 Isotope synthesis 
The mass spectra of the internal standard compounds are characterized (Figure 3.1).  
 
  
  
d6-α-Terpinolene: m/e 142 (M
+.), 127 (M-CH3), 124 (M-CD3), 93 (M-C3D6H). 
d5-Limonene: m/e 141 (M
+.), 126 (M-CH3), 123 (M-CD3), 93 (M-C3D5H). 
d12-Hexanal: m/e 112 (M
+.), 64 (M-C2D4O), 48 (C2D4O
+). 
d15-Ethyl octanoate: m/e 187 (M
+.), 142 (M-C2H5O), 91 (C4D3H5O2
+). 
Figure 3.1 Mass spectra and possible fragmentations of the internal standard compounds d6-α-
terpinolene (A) and d5-limonene (B) as synthesised in-house and commercial d12-hexanal (C) and 
d15-ethyl octanoate (D). 
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The NMR data for d6-terpinolene matched those previously reported (Zou et al., 2008), except for 
the following observations: The signals for CH3-9 and CH3-10 were absent in the 
1H spectrum of 
d6-terpinolene and C-9 and C-10 appeared as complex multiplets slightly upfield of the reported 
shifts (Zou et al., 2008) in undeuterated terpinolene, as would be expected for C2H3 moieties. The 
NMR spectral data obtained for d5-limonene was also in agreement with the literature values 
(Bollen and Emond, 2014), except that the CH2-9 methylene and CH3-10 methyl were largely 
absent from the 1H NMR and the signals for C-9 and C-10 were vastly diminished in the 13C NMR 
spectrum. Analysis of the molecular ion region in the mass spectrum of d6-terpinolene indicated that 
it was 96% d6 and 4% d5, and lower isotopomers were not observed. Similar analysis of d5-
limonene indicated that it was 95% d5 and 5% d4, and lower isotopomers were not observed. 
3.3.2 Mango volatile analysis method and validation 
Table 3.1 Analysis parameters for determination using SIM of eight important aroma volatiles. 
Internal 
standard 
tR
a 
(min) 
Target ion 
m/z 
Qualifier ions 
m/z (%)b 
Target 
compounds 
RT 
(min) 
Target 
ion m/z 
Qualifier ions 
m/z (%)b 
d12-Hexanal 5.51 64 62 (46) 80 (46) 
92 (6) 
Hexanal 5.71 56 57 (70) 82 (22) 
67 (11) 
d6-α-
Terpinolene 
21.12 142 124 (98) 93 
(71) 108 (18) 
2-Carene 15.41 93 121 (93) 91 
(84) 136 (52) 
   124 (98) 93 (71) 
108 (18) 
3-Carene 16.01 93 91 (41) 77 (30) 
79 (27) 
   124 (98) 93 
(71) 108 (18) 
α-Terpinene 16.64 93 121 (103) 136 
(89) 91 (55) 
   124 (98) 93 
(71) 108 (18) 
p-Cymene 17.22 119 134 (27) 103 
(5) 117 (16) 
d5-Limonene 17.29 141 126 (56) 112 
(54) 100 (14) 
Limonene 17.48 136 121 (121) 107 
(109) 93 (345) 
d6-α-
Terpinolene 
21.12 142 124 (98) 93 
(71) 108 (18) 
α-
Terpinolene 
21.37 136 93 (160) 121 
(198) 91 (87) 
d15-Ethyl 
octanoate 
24.20 91 105 (32) 142 
(29) 121 (6) 
Ethyl 
octanoate 
24.32 88 101 (38) 127 
(29) 115 (9) 
a Retention time. 
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b This % represents the associated ions relative % to the target ion shown in the previous column, 
not necessarily the base peak. 
An accurate and precise analytical method involving a combination of HS-SPME-GCMS and SIDA 
was developed using selected ion monitoring (SIM) to quantify important aroma volatiles present in 
Australian mangoes. The concentration ranges targeted for each analyte were selected by 
considering both the sensorially active range of each compound by referring to the odour sensory 
threshold concentrations and the indicative concentration range as previously reported for that 
compound in mango (Table 3.5). The labelled internal standard used to quantify each target analyte, 
respective retention time and the target and qualifier ions used for SIM and relative percentages are 
given in Table 3.1. Schmarr et al. (2012) reported an inverse isotope effect whereby the heavier 
deuterated compounds elute prior to their non-labelled counterparts as was also observed in our 
study.  
The precision of the method was thoroughly validated at various levels in mango fruit and sap 
matrices. Duplicate standard addition calibration equations were developed in water, mango flesh 
and sap matrices (Table 3.2) for each of the eight target volatile compounds. Separate standard 
addition calibration curves were created for mango fruit using ‘Nam Dok Mai’ fruit and mango sap 
using the non-aqueous sap phase of ‘Honey Gold’ mango. These were selected because of their 
naturally lower profile of these aroma volatiles.  
The calibration equations developed for ‘B74’ and ‘Kensington Pride’ mango flesh, including their 
range of linearity and the coefficients of determination (R2) achieved, are presented in Table 3.2. In 
general, the LOD and LOQ were relatively lower than its odour threshold. Therefore, the developed 
method showed very good sensitivity of detection. The calibration curves showed good linearity 
over the reported concentration range for all compounds with good correlation (R2) from 0.93775 to 
0.99741.The largest calibration range developed was for α-terpinolene at 50-20,200 µg/l due to its 
relatively higher odour sensory threshold at 200 µg/l and the higher concentration as is expected in 
mango (Lalel et al., 2004). The lowest calibration range developed was for p-cymene at 1.3-1,060 
µg/l since it has a much lower odour threshold and was expected to be found in mango at much 
lower concentration ranges. At higher concentrations in the spiked standards, p-cymene co-eluted 
with d5-limonene which limited the range of calibration to ~550 µg/l. Nevertheless, this was still 
higher than the reported sensory threshold at 11.4 ug/l. The minimum LOD and LOQ were obtained 
for p-cymene at 0.824 and 2.498 µg/l, respectively. The validation was performed to confirm the 
calibration developed in the water matrix was suitable for application (Table 3.2). Generally, the 
method was accurate and precise for all eight compounds within the mango matrix. After this 
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verification, the analytes in mango flesh and sap samples were quantified using calibration curves 
obtained from a water matrix. 
Table 3.2 Summary of calibration and main validation parameters for eight mango volatiles in 
water, mango flesh and mango sap matrices. 
Analyte 
Calibration 
range 
(µg/l) 
Calibration equation R
2
 
LOD 
(μg/l) 
LOQ 
(μg/l) 
In a water matrix 
Hexanal 1.4-578 y = 1.809 x 0.99741 1.058 3.205 
3-Carene 5.2-1,077 y = 2.260  10-1x - 4.347  10-2 0.95909 2.284 6.922 
α-Terpinene 5.1-1,211 y = 8.441  10-1x - 3.403  10-2 0.93775 3.038 9.205 
p-Cymene 1.3-548 y = 3.158 x - 1.124  10-1 0.97666 0.824 2.498 
Limonene 25-5,041 y = 1.919  10-1x - 1.315  10-1 0.94393 12.870 38.999 
α-Terpinolene 50-20,214 y = 3.432  10-2x - 6.503  10-2 0.97716 32.842 99.520 
Ethyl octanoate 5.4-2,172 y = 2.389  10-1 x + 3.592  10-1  0.98584 5.572 16.884 
In a mango flesh matrix 
Hexanal 1.4-724 y = 7.744  10-1x  0.99249 1.939 5.875 
3-Carene 5.2-2,300 y = 3.695  10-1x + 1.347 0.94224 0.379 1.149 
α-Terpinene 5.1-2,220 y = 1.601x + 9.669  10-1 0.97366 5.721 17.336 
p-Cymene 1.3-1,060 y = 4.526x + 1.650 0.90798 3.641 11.032 
Limonene 25-10,082 y = 5.226  10-1x + 5.637  10-1 0.93014 3.391 10.275 
α-Terpinolene 50-20,214 y = 4.001  10-2x - 9.522  10-2 0.98950 28.373 85.979 
Ethyl octanoate 5.4-2,178 y = 8.366  10-1x + 1.166  10-2 0.98859 21.906 66.383 
In a mango sap matrix 
Hexanal 1.4-724 y = 3.769  10-1x  0.99142 2.362 7.157 
3-Carene 5.2-1,150 y = 6.605  10-2x + 1.819  10-2 0.89069 1.110 3.363 
α-Terpinene 5.1-2,220 y = 6.198  10-1x + 2.010  10-1 0.90845 4.246 12.866 
p-Cymene 1.3-530 y = 2.346x - 2.098  10-2 0.90143 7.025 21.288 
Limonene 25-10,082 y = 1.920  10-1x - 5.211  10-2 0.90406 1.828 5.540 
α-Terpinolene 50-20,214 y = 6.979  10-3x + 4.775 10-2 0.99336 17.505 53.045 
Ethyl octanoate 5.4-1,122 y = 5.139  10-1x + 2.972  10-2 0.99632 16.656 50.474 
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Similarly, the validation curves constructed using the aqueous sap phase were linear throughout the 
calibration range, with good correlation (R2) which varied from 0.89069 to 0.99142 (Table 3.2). As 
mango sap is a complex and variable matrix to quantify accurately all these compounds versus their 
labelled internal standards, the correlation efficiency (R2) was lower for 3-carene (0.89069). 
The recoveries were also demonstrated by spiking a known amount of analyte into the ‘Nam Dok 
Mai’ mango matrix at five replicate additions for each analyte. Recoveries of the spiked 
concentrations are reported in Table 3.3. All the relative standard deviations (RSD) were < 11.3% 
for all eight spiked analyte compounds. 
Table 3.3 Recoveries and relative standard deviation (RSD) of compounds spiked into a mango 
fruit.  
Samples with spiked 
compounds 
Matrix spike  
concentration (μg/l) 
Recovery 
(%) 
RSD (%) 
Hexanal 290 107-121 8.8 
2-Carene 90 98-131 11.3 
3-Carene 909 95-104 3.9 
α-Terpinene 854 97-119 7.9 
p-Cymene 419 72-88 8.2 
Limonene 4,102 80-97 7.7 
α-Terpinolene 4,028 99-114 5.9 
Ethyl octanoate 898 86-106 8.0 
n = 5 (replication) 
3.3.3 Analysis of key aroma volatiles in mango fruits 
A range of mango fruits within the two varieties were collected, ripened and prepared for analysis 
so that the analytical method could be validated for its applied usefulness. A summary of the 
concentration data for the eight key aroma volatile compounds produced by ripe ‘B74’ and 
‘Kensington Pride’ mango fruit is reported in Table 3.4. Overall, the variety ‘Kensington Pride’ 
produced the highest average concentration of α-terpinolene at 19,719 μg/l, which is in agreement 
with published data (Lalel et al., 2004). ‘B74’ had an average terpinolene content (11,272 μg/l) 
lower than ‘Kensington Pride’ mango fruit. 3-Carene and limonene were the second and third, 
respectively, most abundant volatiles produced by both ‘B74’ and ‘Kensington Pride’ fruits. 3-
Carene and limonene have been reported to be responsible for a ‘resinous, sweet, leafy, green, 
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pungent’ (MacLeod and Snyder, 1985; Pino, 2012; Shivashankara et al., 2006) and ‘citrus-like’ 
aroma (Pino, 2012). p-Cymene, with a characteristic ‘herbal or minty’ odour (MacLeod and Snyder, 
1985), was present in ‘B74’ and ‘Kensington Pride’ fruits at average concentrations of 12 and 14 
μg/l, respectively, and above its odour perception threshold. The lowest average concentration of 
ethyl octanoate was measured in ‘Kensington Pride’ at 0.5 μg/l, while the lowest average contents 
of hexanal and ethyl octanoate were found in ‘B74’ mango fruit at 6.0 and 0.6 μg/l, respectively. 
There was a variation of the aroma volatile composition between the parts of fruit of ‘Kensington 
Pride’ mangoes (Lalel et al., 2003). Therefore, the application of a glass chamber integrated into a 
GC would be useful to measure the volatiles of whole fruit. 
Table 3.4. Aroma compounds concentrations in ripe ‘B74’ and ‘Kensington Pride’ mango fruits. 
Compounds 
Concentration (µg/l) 
Mean Min Max S.D.a CVb 
In 'B74' fruit 
Hexanal  6   3   13   2   41  
2-Carene  29   0.0    168   37   130  
3-Carene  929   34   4,122   986   106  
α-Terpinene  23   1   72   19   84  
p-Cymene  12   2   25   6   55  
Limonene  216   89   769   155   72  
α-Terpinolene  11,272   329   49,122   11,966   106  
Ethyl octanoate  0.6   0.2   1.4   0.3   51  
In 'Kensington Pride' fruit 
Hexanal  54   14   188   47   87  
2-Carene  31  0.0     173   41   132  
3-Carene  383   33   1,777   418   109  
α-Terpinene  43   2   202   47   109  
p-Cymene  14   5   40   9   66  
Limonene  264   93   881   198   75  
α-Terpinolene  19,719   672   87,900   21,624   110  
Ethyl octanoate  0.5  0.0  2.5   0.6   108  
a Standard deviation.b Coefficient of variation.  
n.d., not detected; n = 30 (replication).  
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In order to compare the odour contribution and relative importance of each compound to the aroma 
of ‘B74’ and ‘Kensington Pride’, the odour activity value (OAV) was calculated for each compound 
(Table 3.5). The OAV is the ratio between the concentration of an aroma compound and its odour 
threshold (Pino and Febles, 2013). Reported odour sensory thresholds and the nature of the odour of 
each target analyte are also shown in Table 3.5. The compounds α-terpinolene, 3-carene, p-cymene 
and limonene were found to be odour active in all mango fruits analysed (i.e., OAV>1). 
Table 3.5 Odour activity values in ripe ‘B74’ and ‘Kensington Pride’ mango fruits (n = 30). 
Compounds Odour description 
Odour 
thresholda 
(µg/l) 
OAVb 
Mean Min Max S.D. CV 
In 'B74' fruit 
Hexanal Green, fatty 1   4.5 1 1.31 1 3 1 41 
2-Carene Orange like6 4000 0.01 0 0.04 0.01 130 
3-Carene Leafy2  51 186 7 824 197 106 
α-Terpinene Citrus, lemon-like3  854, 5 0 0 1 0 84 
p-Cymene Herbal, minty6  11.47 1 0 2 1 55 
Limonene Citrus-like1  2101 1 0 4 1 72 
α-Terpinolene Piney1  2001 56 2 246 60 106 
Ethyl octanoate 
Slightly nutty 
coconut6  
1947 0 0 0 0 51 
In 'Kensington Pride' fruit 
Hexanal Green, fatty 1   4.5 1 12 3 42 10 87 
2-Carene Orange like6 4000 0.01 0 0.04 0.01 132 
3-Carene Leafy2  51 77 7 355 84 109 
α-Terpinene Citrus, lemon-like3  854, 5 1 0.02 2 1 109 
p-Cymene Herbal, minty6  11.47 1 0 4 1 66 
Limonene Citrus-like1  2101 1 0 4 1 75 
α-Terpinolene Piney1  2001 99 3 439 108 110 
Ethyl octanoate 
Slightly nutty 
coconut6  
1947 0.003 0 0.013 0.003 108 
a Each sensory (odour) threshold reported was determined in a water matrix. 
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b Odour activity values were calculated by dividing the concentrations by the respective odour 
threshold. 
1 Pino (2012); 2 Shivashankara et al. (2006); 3 Costa et al. (2008); 4 Du et al. (2010) ; 5 Vincente et 
al. (2014); 6 MacLeod and Snyder (1985); 7 Pino and Mesa (2006).  
The application of OAV’s to compare and contrast odour volatile contribution has been reported 
previously (Du et al., 2011). However, the method utilised in that study could not approach the 
OAV of some compounds due to the lack of a suitable internal standard to detect aroma volatiles 
present at low levels. The accuracy and precision realised in the present work allow for meaningful 
comparisons to be made using OAV’s, because the concentration data collected is sensitive and 
reliable. 
3.3.4 Analysis of key aroma volatiles in mango sap 
The SIDA HS-SPME-GCMS method was applied to analyse ‘Honey Gold’ mango fruit sap with 
some modification in the preparation steps, namely a dilution of a small amount of sap to reduce the 
initial concentration of all volatiles. Following that modification, the ensuing steps for sap analysis 
were the same as were utilised for mango flesh. Thereby, this modified SIDA HS-SPME-GCMS 
method is easily employed to quantify these analytes in different matrices, such as ‘Honey Gold’ 
mango sap (Table 3.6).   
Table 3.6. Aroma compounds concentrations in ‘Honey Gold’ mango sap. 
Compounds 
 Concentration (mg/g) of  'Honey' mango sap 
 Mean Min Max S.D.a CVb 
Hexanal  n.d.     
2-Carene  0.6  0.4  0.9  0.2  33.1  
3-Carene  4.2 3.0 5.7 1.2 28.8 
α-Terpinene  1.5 1.0 2.1 0.5 30.7 
p-Cymene  0.1 0.1 0.2 0.0 30.7 
Limonene  1.1 0.5 1.6 0.5 45.9 
α-Terpinolene  59.0 36.9 73.9 18.0 30.5 
Ethyl octanoate  n.d.     
a Standard deviation. b Coefficient of variation.  
n.d., not detected. n = 5 (replication) 
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Quantitative data of the predominant volatile compounds in ‘Honey Gold’ mango sap are shown in 
Table 3.6. α-Terpinolene was the most abundant component in ‘Honey Gold’ mango sap. It is most 
likely responsible for mango sapburn, being present at levels notably higher than its perception 
threshold (Loveys et al., 1992). A relatively higher concentration of terpinolene (70 mg/g) was 
found in ‘Kensington’ mango sap (Loveys et al., 1992), while an average amount of 59 mg/g was 
found in ‘Honey Gold’ mango sap.  Terpinolene was significantly more abundant in ‘Honey Gold’ 
mango sap than in ‘B74’ and ‘Kensington Pride’ mango fruit (Table 3.6). The average 
concentrations of 3-carene and of limonene in ‘Honey Gold’ sap varied from 3.0 to 5.7 mg/g and 
from 0.5 to 1.6 mg/g, respectively. α-Terpinene was found at average concentration of 1.5 mg/g. 
The mean content of β-cymene was 0.1 mg/g. It is notable that hexanal and ethyl octanoate were not 
detected in the sap samples. Considerable differences in major volatile constituents in sap exist 
between mango cultivars. For example, there were significant variations in the volatile sap 
components of Australian and Indian mango cultivars. Terpinolene and 3-carene were found to be 
the major components in Australian ‘Kensington’ and ‘Irwin’ (Loveys et al., 1992) fruit sap, 
whereas neither of these compounds was identified in any of the Indian cultivars (John et al., 1999). 
For this study, SIDA HS-SPME-GCMS served as a rapid, accurate and precise method for 
determination of key aroma compounds in sap.  
3.4 Conclusion 
An accurate and precise method for the analysis of key volatiles was developed in a model system 
and subsequently validated with both Australian mango fruit and sap. The method of combining 
SIDA with HS-SPME-GC-MS was found to be highly sensitive and allowed high throughput of 
samples. It produced calibrations with high coefficients of determination and excellent linearity 
across a range of concentrations relevant to mango flavour. This method represents a pronounced 
improvement over current methods for detecting and measuring the concentration of mango fruit 
and sap volatiles. It could be of wider benefit in future studies aimed at exploring and optimising 
the flavour of commercial mango varieties, their parent lines and also wild types.  
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CHAPTER 4. -IRRADIATION EFFECTS ON APPEARANCE, PHYSICO-
CHEMICAL PROPERTIES AND AROMA OF FOUR AUSTRALIAN MANGO 
FRUIT CULTIVARS 
Abstract 
-Irradiation is recommended as an effective quarantine or phytosanitary treatment. This study 
determined the response of four Australian cultivars (‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and 
‘R2E2’) to -irradiation. Fruit were harvested from north and south east Queensland during the 
2012/2013 and 2013/2014 seasons. In both seasons, -irradiation of green mature fruit at 0.5 
(commercial dose) and 1.0 kGy (twice the commercial dose) generally retarded softening in the early 
stages of ripening, but had little effect after 7 - 9 d of shelf life. -Irradiation also retarded the loss of 
green colour that is typically associated with ripening, resulting in both seasons in ripe fruit with less 
yellow skin colour. ‘Honey Gold’ was the least affected by irradiation, with ‘Kensington Pride’ 
generally having the least yellow colour at ripe. Irradiation at 0.5 kGy significantly (P≤0.05) 
increased lenticel discolouration (LD), with generally little increase between 0.5 and 1.0 kGy. 
‘Honey Gold’ had the least LD in both seasons. Irradiation did not affect total soluble solids (TSS) at 
ripe, but reduced the titratable acidity (TA) decrease during ripening. There were significant 
reductions (P≤0.05) of the concentrations of all of the measured volatiles in ‘Kensington Pride’ and 
‘R2E2’ exposed 0.5 kGy and 1.0 kGy as compared to no irradiation, while there were no 
considerable effects (P>0.05) of irradiation on the volatile contents of ‘B74’ and ‘Honey Gold’. It is 
possible that irradiation may also diminish the flavour of ‘Kensington Pride’ and ‘R2E2’ by 
increasing titratable acidity and reducing volatiles concentrations at ripe.  
4.1 Introduction 
Mango (Mangifera indica L.) is one of the most popular tropical fruits in the world, second only to 
banana (AAG, 2006). In Australia, mango is an economically significant domestic horticultural crop. 
The average production between 2011 and 2016 was 53,500 tonnes (AMIA, 2016). ‘B74’, ‘Honey 
Gold’, ‘Kensington Pride’ and ‘R2E2’ are the major commercial cultivars in Australia (Dillon et al., 
2013). Other cultivars cultivated in Australia include ‘Brook’, ‘Haden’, ‘Irwin’, ‘Kent’, ‘Keitt’ and 
‘Palmer’ (AMIA, 2014; Bally et al., 2000). 
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Many countries impose strict regulatory and physical barriers to the importation of fruit that  are 
susceptible to infestation by economically important quarantined insect pests (Follett, 2009). 
Exposure to relatively low doses of gamma () irradiation can be an effective postharvest treatment 
against pest presence (Ducamp Collin et al., 2007; Follett, 2004). -Irradiation of ‘Ataulfo’, ‘Kent’ 
and ‘Keitt mango fruits at up to 0.15 kGy can provide quarantine security against fruit flies such as 
Anastrepha obliqua, Anastrepha serpentina, Anastrepha ludens and Ceratitis capitata (Bustos et al., 
2004). Similarly, a minimum dose of 228 Gy can disinfest ‘Red Fuji’ apple fruit of peach fruit moth 
(Carposina sasakii) (Zhan et al., 2014). The mango seed weevil (Cryptorhynchus mangiferae F.) can 
be eliminated upon application of -irradiation at 0.1 kGy (Follett, 2001). Also, Santos et al. (2015) 
reported that low dose irradiation (0.45 kGy) of ‘Tommy Atkins’ mango reduced the incidence of rot 
caused by Lasiodiplodia theobromae. 
While -irradiation can be an effective quarantine treatment, there is concern by mango packers and 
shippers about potential negative effects on fruit appearance and eating quality. ‘Tommy Atkins’ 
mangoes treated with the relatively high dose of 3.1 kGy were rated by a sensory panel to exhibit 
unacceptable general visual quality, colour, texture and aroma as compared to non-treated control 
fruit (Moreno et al., 2006). Reyes and Cisneros-Zevallos (2007) reported that ‘Tommy Atkins’ 
mango fruit irradiated at high doses (≥1.5 kGy) expressed higher levels of peel scalding and void 
formations as compared to non-irradiated control fruit. -Irradiation at 1.0 kGy initiated pulp 
browning and softer texture of ‘Tommy Atkins’ mango fruit (Sabato et al., 2009). Exposure to -
irradiation from 0.3 up to 10kGy reduced the loss of green peel colour during ripening and gave a 
relatively lighter pulp colour to Indian mango fruit cvs. ‘Dushehri’ and ‘Fazli’ after storage (Mahto 
and Das, 2013). 
Although the effects of irradiation on fruit physicochemical properties and quality have been 
extensively studied (Lacroix et al., 1992; Lacroix et al., 1993; McLauchlan et al., 1989; Thomas and 
Janave, 1975), there is limited published information on the response of Australian mango cultivars 
to -irradiation on appearance in terms of LD and skin degreening. For example, ‘B74’ mango fruit 
showed a significant increase (P≤0.05) in LD incidence after exposure to 0.543 kGy (Hofman et al., 
2010c). According to McLauchlan et al. (1989), irradiation at 0.3 and 0.6 kGy increased LD and 
decreased the rate of ripening-related green skin colour loss in ‘Kensington Pride’ mango fruit as 
compared to the control. 
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Aroma is an important fruit quality attribute. Nonetheless, the effects of irradiation on aroma 
volatiles have been studied on only a few mango cultivars (Blakesley et al., 1979; Gholap et al., 
1990; Laohakunjit et al., 2006). Irradiation of ‘Alphonso’ mangoes at 0.25 kGy and ‘Kent’ mango 
fruit at 0.75 kGy did not affect the aroma volatile profile (Blakesley et al., 1979; Gholap et al., 1990). 
In contrast, irradiation of applied chitosan or non-chitosan ‘Chok Anan’ mango fruit at 0.3 kGy 
decreased terpene production after 30 d of storage at 13 °C as compared to the non-irradiated control 
(Laohakunjit et al., 2006). There has been no published work on the effects of irradiation on aroma 
production by Australian mango cultivars. Among Australian cultivars, there are relatively different 
aroma descriptions (Smyth et al., 2008; Sunarharum et al., 2007). 
The aim of the present study was to investigate the effects of -irradiation on the appearance, 
physicochemical properties and aroma volatile production of four (‘B74’, ‘Kensington Pride’, 
‘Honey Gold’, ‘R2E2’) commercially important mango cultivars in Australia. We hypothesised that 
irradiation would differentially induce LD, delay the loss of green skin colour, and diminish aroma 
volatile production among these four cultivars (Dillon et al., 2013). The effects of -irradiation at 0.5 
(commercial dose) and 1.0 kGy (twice the commercial dose) were evaluated using fruit harvested 
from north Queensland and south east Queensland over two seasons. 
4.2 Materials and methods 
4.2.1 Plant material 
The fruit of four mango (Mangifera indica L.) cultivars (‘B74’, ‘Honey Gold’, ‘Kensington Pride’, 
‘R2E2’) were harvested on day 0 (designated) at commercial maturity (dry matter content: 13 - 19%) 
from orchards in north Queensland (NQ) and south east Queensland (SEQ), Australia over two 
seasons 2012/13 and 2013/2014 (Table 4.1 and 4.2). Fifty-five fruit of each cultivar were harvested 
to provide 15 replicate fruit per irradiation treatment and ten fruit for dry matter measurement. 
Immediately after harvest, all fruit were de-stemmed in 2.5 g/l Mango Wash® (Septone, ITW 
AAMTech, Australia) solution for 2 min. They were taken to a nearby commercial packing house 
and passed over a packing line under standard commercial conditions that included fungicide 
treatment (0.55 ml/l Sportak®, a.i. prochloraz, Bayer Crop Science, Australia), brushing, drying, and 
sorting (Hofman et al., 2010b). The fruit were then graded for uniform quality and size as per 
commercial procedures. They were packed into single layer cardboard trays with polyethylene liners. 
NQ fruit were air-freighted to Brisbane from NQ in 2 h and then transported from Brisbane airport 
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by car (ca. 22 oC) to the Ecosciences Precinct laboratory in Brisbane, Queensland, Australia (27.49 
°S, 153.03 °E) in 1 - 2 h. Fruit harvested in SEQ were transported in an air-conditioned vehicle (ca. 
22 oC) to the lab in 3 - 4 h. 
Table 4.1 Harvest location and dry matter content of green mature ‘B74’, ‘Honey Gold’, ‘Kensington 
Pride’ and ‘R2E2’ mango fruit. Fruit were harvested from north Queensland (NQ) and south east 
Queensland (SEQ) in the 2012/2013 season. n = 10 except ‘R2E2’ from SEQ (n = 6). 
Cultivar Location Dry matter (%) 
‘B74’ Orchard 1, Dimbulah, NQ (7.149 oS, 145.111 oE) 13.5 ± 1.2 
 Orchard 2, Childers, SEQ (25.17 oS, 152.17 oE) 13.8 ± 0.7 
‘Honey Gold’ Orchard 3, Mareeba, NQ (16.992 ºS, 145.422 ºE) 19.6 ± 1.6 
 Orchard 4, Childers, SEQ (25.17 oS, 152.17 oE) 19.0 ± 1.4 
‘Kensington Pride’ Orchard 5, Mareeba, NQ (16.992 ºS, 145.422 ºE) 16.1 ± 1.6 
 Orchard 6, Childers, SEQ (25.17 ºS, 152.17 oE) 13.5 ± 1.2 
‘R2E2’ Orchard 7, Dimbulah, NQ (17.149 oS, 145.111 oE) 17.4 ± 1.6 
 Orchard 6, Childers, SEQ (25.17 ºS, 152.17 oE) 15.3 ± 1.2 
Table 4.2 Harvest location and dry matter content of green mature ‘B74’, ‘Honey Gold’, ‘Kensington 
Pride’ and ‘R2E2’ mango fruit (n = 7). The fruit were harvested from north Queensland (NQ) and 
south east Queensland (SEQ) in the 2013/2014 season. 
Cultivar Location Dry matter (%) 
‘B74’ Orchard 1, Dimbulah, NQ (17.149 oS, 145.111 oE) 13.9 ± 1.7 
 Goodwood, SEQ (25.10 ºS, 152.37 oE) 13.6 ± 1.2 
‘Honey Gold’ Orchard 2, Dimbulah, NQ (17.149 oS, 145.111 oE) 18.2 ± 0.4 
 Electra, SEQ (24.98 ºS, 152.11 oE) 20.8 ± 1.2 
‘Kensington Pride’ Mareeba, NQ (16.992 ºS, 145.422 ºE) 13.1 ± 0.4 
 Childers, SEQ (25.17 ºS, 152.17 oE) 14.2 ± 1.1 
‘R2E2’ Orchard 2, Dimbulah, NQ (17.149 oS, 145.111 oE) 16.6 ± 0.8 
 Childers, SEQ (25.17 ºS, 152.17 oE) 15.3 ± 0.8 
4.2.2 Treatments 
At the laboratory, fruit were randomly assigned to treatment lots and labelled with a treatment 
number. Fruit of the different cultivars and for the various treatments were randomly assigned to 
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single layer cardboard mango trays. Dosimeters (Opti-chromic detectors FWT-200SN2162, Far West 
Technology Inc., USA) were placed in two diagonally opposite corners of each tray. The open trays 
were each covered with 4 mm–thick plywood lids lined with 15 mm-thick low density foam to 
prevent fruit and dosimeter movement. The lids were secured to trays with sticky tape.  
For exposure to -irradiation, the fruit were transported within 1 h on the same day of arrival in the 
lab (day 1) by an air-conditioned (ca. 22 C) car to Steritech in Narangba, Queensland. To ensure 
more consistent doses between trays, they were stood on their sides and positioned in a rack designed 
to fit on 1 m high bins. The fruit in their trays were exposed to 0 kGy (control), the commercial dose 
of about 0.5 kGy, or twice the commercial dose of about 1.0 kGy from a Cobalt 60 source within 1 - 
2 h of arrival. The actual minimum, maximum and average doses recorded for each experiment are 
shown in Table 4.3 and 4.4. 
Immediately after irradiation, the fruit were transported back to the laboratory. All fruit were then 
treated with 10 µl/l ethylene for 2 d at 20 ºC inside a closed ripening room. Thereafter, they were 
allowed to ripen at 20 ºC and 90 - 100% RH in the absence of exogenous ethylene. Fifteen replicate 
fruit per irradiation treatment were used in this experiment. Individual fruit were the replicates. 
Table 4.3 The average and minimum (min) and maximum (max) doses recorded for green mature 
mango fruit (n = 15) harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 
2012/2013 season and exposed to -irradiation at 0.5 (commercial dose) and 1.0 kGy (twice the 
commercial dose). 
Farm 
location 
Cultivar 
Dose (kGy) 
Target 0.5 kGy  Target 1.0 kGy 
Average Min-max   Average Min-max 
NQ 
‘B74’ and 
‘Kensington Pride’ 
0.548 0.525 - 0.568  1.040 1.001 - 1.073 
 ‘Honey Gold’ 0.581 0.502 - 0.656  1.047 1.033 - 1.061 
 ‘R2E2’ 0.548 0.525 - 0.568  1.040 1.001 - 1.073 
SEQ ‘B74’ 0.541 0.506 - 0.653  1.037 1.025 - 1.049 
 ‘Honey Gold’ 0.541 0.568 - 0.591  1.037 1.204 - 1.266 
 ‘Kensington Pride’ 0.580 0.568 - 0.591  1.235 1.204 - 1.266 
 ‘R2E2’ 0.580 0.506 - 0.653  1.235 1.025 - 1.049 
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Table 4.4 The average and minimum (min) and maximum (max) doses recorded for green mature 
mango fruit (n = 15) harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 
2013/2014 season and exposed to -irradiation at 0.5 (commercial dose) and 1.0 kGy (twice the 
commercial dose). 
Farm 
location 
Cultivar 
Dose (kGy) 
Target 0.5 kGy  Target 1.0 kGy 
Average Min-max   Average Min-max 
NQ 
‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and 
‘R2E2’  
0.342 0.320 - 0.381  0.833 0.824 - 0.846 
SEQ 
‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and 
‘R2E2’  
0.520 0.493 - 0.577  1.043 1.003 - 1.079 
4.2.3 Quality assessments 
In the 2012/2013 mango season, fruit were assessed for firmness (subjective only), skin colour 
(subjective and objective) and LD (subjective only) on day 0 and then every 2 d after irradiation. 
Once ripe (based on firmness; see below), the fruit were then assessed for total soluble solids (TSS), 
titrable acidity (TA), total chlorophyll (Chls), chlorophyll a (Chl a), chlorophyll b (Chl b) and 
carotenoids. 
In the 2013/2014 mango season, fruit were assessed for firmness (subjective and objective), skin 
colour (subjective and objective) and LD (subjective) on day 0 and then every 2 d after irradiation. 
The fruit at ripe were then assessed for TSS, TA, total skin and flesh Chls, Chl a, Chl b and 
carotenoids as well as aroma volatiles. 
Fruit firmness 
Fruit firmness was assessed using the following subjective hand firmness rating scale: 0 = hard, 1 = 
rubbery, 2 = sprung, 3 = firm soft and 4 = soft (Hofman et al., 2010a). Fruit firmness was also 
determined objectively with a Sinclair firmness tester (Sinclair International Ltd., UK) for non-
destructive displacement (Shmulevich et al., 2003). 
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Skin colour development 
Skin colour was objectively measured using a CR 400 Chroma Meter (Konica Minolta, Japan). 
Colour was determined with two measurements per fruit (stem end and central region) and repeated 
every second day at the same position. Values were obtained for lightness (L) and chroma (C) and 
hue angle (ho) as calculated using ‘a’ and ‘b’ values by LabLchConversions (Semba et al., 2002). L 
value represents the lightness of the colour with 0 for black and 100 for white. C data represents 
colour saturation for h° representing colour space chroma position where red-purple is an angle of 
0°, yellow is 90°, bluish-green is 180°, and blue is 270° (McGuire, 1992; Semba et al., 2002). 
Skin colour was also subjectively rated using the following scale: 1 = 0 - 10% of the non-blushed 
skin with yellow colour, 2 = 11 - 30% yellow, 3 = 31 - 50% yellow, 4 = 51 - 70% yellow, 5 = 71 - 
90% yellow and 6 = 91 - 100% yellow (Hofman et al., 2010a). 
Lenticel discolouration (LD) 
LD on each fruit was determined using the following rating scale (Hofman et al., 2010a): 0 = no 
lenticels discoloured, 1 = light spots on not more than 25% of the surface or dense pronounced spots 
on not more than 5% of the surface, 2 = light spots on not more than 50% of the surface or dense 
pronounced spots on not more than 10% of the surface, 3 = scattered pronounced spots on not more 
than 50% of the surface or dense pronounced spots on not more than 25% of the surface, 4 = dense 
pronounced spots on not more than 50% of the surface, and, 5 = dense pronounced spots on more 
than 50% of the surface. 
TSS 
When the fruit were ripe, the two ‘cheeks’ from each were removed using a knife. A vertical section 
of the flesh from the proximal stem end to the distal base was chopped into small pieces and frozen 
at -20 °C. Prior to instrumental analysis, the samples were thawed and squeezed through two layers 
of cheesecloth to extract the juice. The TSS (oBrix) of juice samples was determined at room 
temperature using a PAL-1 digital hand-held “Pocket” refractometer (Atago, Japan). 
TA 
Flesh samples were collected and stored as above. Prior to instrumental analysis, they were thawed 
and blended with a stick blender. TA of 10 g samples of the homogenised pulp in 50 ml distilled 
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water and then determined with an automatic titrator (Metrohm, Switzerland) using 0.1 M NaOH 
(Melrose Laboratories Pty Ltd, Australia) as the titrant. TA was expressed as the citric acid 
equivalent (%) in each sample. 
Chls and carotenoids in mango skin 
The Chls and carotenoid concentration were determined using the method of Ketsa et al. (1999) with 
minor modification. Peel samples on the non-blushed area of each fruit were sampled with a 
vegetable peeler when fruit reached ripe. They were frozen in liquid nitrogen and stored at -20 ºC for 
2 - 4 weeks and then at -80 ºC for 3 months.  
About 3 g of the frozen mango peel was ground to a powder in liquid nitrogen. A 0.2 - 0.3 g sub-
sample of the powdered peel was extracted and diluted 100-fold with 80% cold (4 oC) acetone for 
2012/2013 fruit samples and 100% cold acetone for 2013/2014 fruit samples. A solvent of 100% 
acetone was used in the second season in order to inhibit the conversion of chlorophyll into 
chlorophyllide (Hu et al., 2013). The extracts were transferred to 50 ml falcon tubes and kept in the 
dark overnight in a cool room at 4 oC. The sample extracts were clarified by centrifugation at 4000 
rpm in a refrigerated centrifuge (Eppendorf, Germany) for 15 min at -9 ºC. The absorbance of 
supernatant samples was measured at 662, 645 and 710 nm using a DU 530 UV Vis 
spectrophotometer (Beckman Coulter, USA). Chl a, Chl b, total Chls and carotenoids were expressed 
as µg/g fresh weight (Hartmut, 1983). Five fruit from 15 individual mango fruit were analysed per 
treatment for each cultivar in both locations. 
Chls and carotenoids in mango flesh 
To examine the effects of irradiation on Chls and carotenoids in mango flesh, the Chls and 
carotenoid concentration were determined using the method of (Ketsa et al., 1999) with modification. 
Flesh samples of each fruit were excised when fruit reached ripe as per the TSS section above and 
frozen in liquid nitrogen. They were stored at -20 ºC for 2 - 4 weeks, then at -80 ºC for 3 months. 
Approximately 4 g of mango flesh (2013/2014) was ground to in 100% 4 oC cold acetone (Hu et al., 
2013). The extract was diluted 100-times with 100% 4 oC cold acetone and transferred to a 50 ml 
falcon tube. Then the samples were kept in the dark in the cool room at 4 oC and processed as 
described in the mango skin section above. 
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 Aroma volatiles production 
The flesh of one cheek of each fruit was removed using a sharp knife. A vertical section of flesh 
from the proximal stem end to the distal fruit tip was diced into small pieces and stored in glass 
bottles at -20 ºC for 2 - 3 months pending analysis. The samples were then analysed as described in 
section 3.2.5, 3.2.6 and 3.2.7 (Chapter 3). The concentrations of eight volatiles in the mango samples 
were referenced to standard curves and calculated from the peak area ratios for the unlabelled and 
labelled compounds versus the concentration ratio. The concentrations of volatiles including hexanal, 
2-carene, 3-carene, α-terpinene, p-cymene, limonene, α-terpinolene and ethyl octanoate were 
expressed as µg/kg. 
4.2.4 Statistical analysis 
Daily observation data were subjected to two-way analysis of variance (ANOVA) with repeated 
measures between doses and time using Genstat 16th edition software (VSN international Ltd, U.K). 
One way ANOVA was used for the three irradiation treatments comparisons of ripe fruit. 
Differences between means were tested using least significant differences (Fisher’s protected LSD) 
at P < 0.05. 
4.3 Results  
4.3.1 External appearance and physical properties during ripening 
Fruit firmness  
As determined by hand pressure and relative to control (i.e. 0 kGy) fruit in both the 2012/2013 and 
2013/2014 seasons, exposure of ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ fruit to 0.5 
and 1.0 kGy irradiation generally reduced initial rates of softening (Figures 4.1 and 4.2). In most 
cases and in both seasons, irradiated fruit were more firm in the early stages of ripening compared 
with no irradiation. However, there were no differences in firmness at ripe. In general, there was no 
significant difference between the two doses of 0.5 and 1.0 kGy (Figures 4.1 and 4.2). Exceptions 
were that non-irradiated ‘Honey Gold’ mango from NQ and SEQ in the 2012/2013 season (Figure 
4.1) and also ‘Honey Gold’ mango fruit from NQ were softer in the early stages of ripening than 
irradiated fruit in the 2013/2014 season (Figure 4.2). 
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Figure 4.1 Effect of irradiation (0, 0.5, 1.0 kGy) on hand firmness of ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit (n = 15) during shelf life at 20 oC. Green mature fruit 
were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 2012/2013 
season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a 
ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are 
for factorial effect of dose and time. 
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Figure 4.2 Effect of irradiation (0, 0.5, 1.0 kGy) on hand firmness of ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit (n = 15) during shelf life at 20 oC. Green mature fruit 
were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 2013/2014 
season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a 
ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are 
for factorial effect of dose and time. 
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Figure 4.3 Effect of irradiation (0, 0.5, 1.0 kGy) on Sinclair IQ firmness tester assessments of ‘B74’, 
‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango fruit (n = 5) during shelf life at 20oC. Green 
mature fruit were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 
2013/2014 season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 
ºC inside a ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) 
bars are for factorial effect of dose and time. 
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In terms of method of assessment, similar patterns in firmness changes over time were detected with 
the Sinclair firmness tester (Figure 4.3). There was no significant difference in firmness between 
irradiated and non-irradiated fruit by 9 and 11 d of shelf life. The irradiation treatment effect 
diminished as fruit progressively ripened. 
Mango skin colour development 
As judged by subjective skin colour assessment, irradiat ion of ‘B74’, ‘Kensington Pride’ and ‘R2E2’ 
fruit at either 0.5 or 1.0 kGy significantly reduced loss of green skin colour during ripening as 
compared with non-irradiated controls (Figures 4.4 and 4.5). This effect was less pronounced in 
‘Honey Gold’ fruit, particularly those harvested from SEQ in the 2012/2013 season and NQ in 
2013/2014. There was generally no significant difference in skin colour response between 0.5 and 
1.0 kGy. 
Measured L, C, h
o
 colour parameters during ripening corresponded with subjective colour rating 
results as reported above. L values increased as the fruit became lighter at the end of ripening. The L 
values were significantly higher for irradiated (i.e. 0.5 and 1 kGy) ‘B74’, ‘Kensington Pride’ and 
‘R2E2’ fruit when fruit reached ripe in both seasons (Figures 4.6 and 4.9). In contrast, there was no 
significant difference in L between ripe control and irradiated ‘Honey Gold’ fruit. Decreases in L for 
irradiated ‘Kensington Pride’ in the 2012/2013 season and ‘R2E2’ fruit in the 2012/2013 (Figure 4.6) 
and 2013/2014 (Figure 4.9) at days 9 and 11 of shelf life was associated with skin browning.  
C values were significantly lower for the skin of fruit exposed to 0.5 and 1.0 kGy than for control 
fruit (Figures 4.7 and 4.10). Relatively higher C values are associated with brighter colour and so 
these irradiated fruit had a duller colour.  
Exposure to irradiation resulted in significantly higher h
o
 values for the skin of ‘B74’, ‘Kensington 
Pride’ and ‘R2E2’ fruit as compared to the control (Figures 4.8 and 4.11). These irradiated fruit 
exhibited delayed colour development in higher h° as compared to the control, which was prominent 
from day 5 after irradiation. For ‘Honey Gold’, h° values were generally not significantly different 
between irradiated and non-irradiated fruit (Figure 4.8). 
  
  
71 
    
.  
Figure 4.4 Effect of irradiation (0, 0.5, 1.0 kGy) on skin colour of ‘B74’, ‘Honey Gold’, ‘Kensington 
Pride’ and ‘R2E2’ mango fruit (n = 15) during shelf life at 20 ºC. Green mature fruit were harvested 
from north Queensland (NQ) and south east Queensland (SEQ) in the 2012/2013 season and exposed 
to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are for factorial effect of 
dose and time. 
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Figure 4.5 Effect of irradiation (0, 0.5, 1.0 kGy) on skin colour of ‘B74’, ‘Honey Gold’, ‘Kensington 
Pride’ and ‘R2E2’ mango fruit (n = 15) during shelf life at 20 ºC. Green mature fruit were harvested 
from north Queensland (NQ) and south east Queensland (SEQ) in the 2013/2014 season and exposed 
to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are for factorial effect of 
dose and time. 
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Figure 4.6 Effect of irradiation (0, 0.5, 1.0 kGy) on lightness (L) of ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit during shelf life at 20 ºC. Green mature fruit were 
harvested from north Queensland (NQ)1 and south east Queensland (SEQ)2 in the 2012/2013 season 
and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a 
ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are 
for factorial effect of dose and time. (1n = 15 and 2n = 10). 
'R2E2'
2 4 6 8 10
'Honey Gold'
2 4 6 8 10
60
65
70
NQ
'Kensington Pride'
60
65
70
'B74'
L
60
65
70
'R2E2'
2 4 6 8 10
60
65
70
LSD
LSD
LSD
LSD
'Honey Gold'
Time after irradiation (days)
SEQ
'Kensington Pride'
'B74'
0 kGy
0.5 kGy
1 kGy
LSD
LSD
LSD
LSD
  
74 
    
 
Figure 4.7 Effect of irradiation (0, 0.5, 1.0 kGy) on chroma (C) of ‘B74’, ‘Honey Gold’, ‘Kensington 
Pride’ and ‘R2E2’ mango fruit during shelf life at 20 ºC. Green mature fruit were harvested from 
north Queensland (NQ)1 and south east Queensland (SEQ)2 in the 2012/2013 season and exposed to 
-irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are for factorial effect of 
dose and time. (1n = 15 and 2n = 10). 
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Figure 4.8 Effect of irradiation (0, 0.5, 1.0 kGy) on h
o
 of ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ 
and ‘R2E2’ mango fruit during shelf life at 20 ºC. Green mature fruit were harvested from north 
Queensland (NQ)1 and south east Queensland (SEQ)2 in the 2012/2013 season and exposed to -
irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are for factorial effect of 
dose and time. (1n = 15 and 2n = 10). 
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Figure 4.9 Effect of irradiation (0, 0.5, 1.0 kGy) on lightness (L) of ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit (n = 10) during shelf life at 20 ºC. Green mature fruit 
were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 2013/2014 
season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a 
ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are 
for factorial effect of dose and time. 
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Figure 4.10 Effect of irradiation (0, 0.5, 1.0 kGy) on chroma (C) of ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit (n = 10) during shelf life at 20 ºC. Green mature fruit 
were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 2013/2014 
season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a 
ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are 
for factorial effect of dose and time. 
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Figure 4.11 Effect of irradiation (0, 0.5, 1.0 kGy) on h
o
 of ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ 
and ‘R2E2’ mango fruit (n = 10) during shelf life at 20 ºC. Green mature fruit were harvested from 
north Queensland (NQ) and south east Queensland (SEQ) in the 2013/2014 season and exposed to -
irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are for factorial effect of 
dose and time. 
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Figure 4.12 Typical symptoms of skin browning on ‘Kensington Pride’ (B) and ‘R2E2’ (D) mango 
fruit exposed to 1.0 kGy as compared to non-irradiated ‘Kensington Pride’ (A) and ‘R2E2’ (C) 
mango fruit. Arrows point to affected regions. 
LD 
Exposure of ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango fruit to 0.5 and 1.0 kGy 
stimulated development of more severe LD than on non-irradiated control fruit in both seasons 
(Figures 4.13 and 4.14). LD developed rapidly within 2 - 3 d of exposure to irradiation. Thereafter, 
LD development was either relatively slow in development towards the end of shelf-life or did not 
increase at all as fruit ripened.  
The severity of LD on ‘B74’ mangoes from NQ and SEQ was markedly affected by the irradiation 
doses of 0.5 and 1.0 kGy (Figures 4.13 and 4.14). From day 3, ‘B74’ fruit irradiated at 0.5 and 1.0 
kGy also had much higher LD scores than did control samples. Fruit dosed at 1.0 kGy had the 
highest LD rating score. 
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Figure 4.13 Effect of irradiation (0, 0.5, 1.0 kGy) on lenticel discolouration of ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit (n = 10) during shelf life at 20 ºC. Green mature fruit 
were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 2012/2013 
season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a 
ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are 
for factorial effect of dose and time. 
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Figure 4.14 Effect of irradiation (0, 0.5, 1.0 kGy) on lenticel discolouration of ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit (n = 15) during shelf life at 20 ºC. Green mature fruit 
were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 2013/2014 
season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a 
ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. The LSD (P = 0.05) bars are 
for factorial effect of dose and time. 
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4.3.2. Taste and chemical properties of ripe fruit 
Flesh TSS 
Across irradiation treatments and production locations, ‘B74’ and ‘Honey Gold’ mango fruit had the 
lowest and highest, respectively, TSS at ripe (Tables 4.5 and 4.6). Exposure of ‘B74’, ‘Kensington 
Pride’, ‘Honey Gold’ and ‘R2E2’ mango fruit to irradiation at 0.5 and 1.0 kGy generally did not 
affect TSS at ripe (Table 4.5). In the 2012/2013 season, ‘Honey Gold’ fruit from NQ treated with 1.0 
kGy showed a significant (P0.05) decrease in TSS content as compared to samples exposed to 0 
and 0.5 kGy. 
Flesh TA and TSS/TA ratio 
In the 2012/2013 season, the TA of ‘B74’ fruit from SEQ and ‘Honey Gold’ from NQ and SEQ was 
unaffected by irradiation (Table 4.5). In contrast, irradiation at 0.5 and 1.0 kGy reduced rates of 
ripening-related decreases in TA for ‘B74’ from NQ, ‘Kensington Pride’ and ‘R2E2’ as compared to 
their non-irradiated controls. With no irradiation, TA was highest in ‘Honey Gold’ (Table 4.5) in 
combination with a high TSS. Irradiation generally reduced the rate of acidity loss, except with 
‘Honey Gold’ where there was no irradiation effect. 
Table 4.5 Effect of -irradiation (0, 0.5, 1.0 kGy) on total soluble solids (TSS), titrable acidity (TA) 
and TSS/TA ratio of ripe ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango fruit.Green 
mature fruit were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 
2012/2013 season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 
ºC inside a ripening room and maintained at 20 ºC and 90 - 100% RH until ripe.  
Dose (kGy) 
NQ    SEQ  
TSS 
(°Brix) 
TA (%) TSS/TA   
TSS 
(°Brix) 
TA (%) TSS/TA  
‘B74’  
0 12.1 
 
  0.15  a 86.1 b 
 
11.3 
 
  0.12  
 
105.0 b 
0.5 11.9 
 
  0.21  ab 63.1 a 
 
11.1 
 
  0.21  
 
55.0 a 
1.0 12.5 
 
  0.23  b 56.0 a 
 
11.1 
 
  0.25  
 
45.8 a 
LSD (P = 0.05) n.s. 
 
  0.03  
 
12.1 
  
n.s. 
 
 n.s.  
 
26.1 
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Table 4.5 (Continued).  
Dose (kGy) 
NQ    SEQ  
TSS 
(°Brix) 
TA (%) TSS/TA   
TSS 
(°Brix) 
TA (%) TSS/TA  
‘Honey Gold' 
0 17.0 b   0.49   35.8   16.2    0.49   36.2 b 
0.5 17.4 b   0.45   37.8   15.2    0.61   25.7 a 
1.0 15.7 a   0.46   36.6   16.2    0.56   30.0 ab 
LSD (P = 0.05) 1.0    n.s.     n.s.      n.s.    n.s.    7.2   
‘Kensington Pride’  
0 15.8 
 
  0.27  a 62.9 b 
 
12.4 
 
  0.21  a 62.2 b 
0.5 15.8 
 
  0.89  b 22.1 a 
 
13.1 
 
  0.68  b 21.4 a 
1.0 15.2 
 
  0.69  b 25.2 a 
 
12.4 
 
  0.60  b 21.6 a 
LSD (P = 0.05) n.s. 
 
  0.26  
 
13.5 
  
n.s. 
 
  0.15  
 
8.7 
 
‘R2E2' 
0 14.7 
 
  0.16  a 98.7 b 
 
14.0 
 
  0.16  a 98.2 b 
0.5 14.6 
 
  0.27  b 57.5 a 
 
13.5 
 
  0.35  b 40.3 a 
1.0 15.2 
 
  0.31  b 53.1 a 
 
13.1 
 
  0.25  c 62.3 a 
LSD (P = 0.05) n.s. 
 
  0.07  
 
15.9 
  
n.s. 
 
  0.07  
 
27.2 
 
Data represent means for a total of n = 10. Means within assessed parameter columns with different 
lower case letters differ significantly (P≤0.05) by Fisher's protected LSD. n.s. indicates no significant 
difference (P>0.05). 
In 2013/2014, similarly higher TA contents were found for all irradiation treatments for ‘B74’ from 
SEQ and ‘R2E2’ from SEQ as compared to the control (Table 4.6). However, neither a significant 
general decrease nor differences in TA between the treatments were seen for ‘B74’ and ‘R2E2’ from 
NQ or for ‘Honey Gold’ and ‘Kensington Pride’ from both locations. Irradiated fruit showed a 
decrease in TSS/TA ratios for ‘B74’, ‘Kensington Pride’ and ‘R2E2’, while there were no significant 
differences in TSS/TA ratio between control and treated ‘Honey Gold’. 
 
 
  
84 
    
Table 4.6 Effect of irradiation (0, 0.5, 1.0 kGy) on total soluble solids (TSS), titrable acidity (TA) 
and TSS/TA ratio of ripe ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango fruit. Green 
mature fruit were harvested from north Queensland (NQ) and south east Queensland (SEQ) in the 
2013/2014 season and exposed to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 
ºC inside a ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. 
Dose (kGy) 
NQ 
 
 SEQ 
TSS 
(°Brix) 
TA 
(%) 
TSS/TA 
 TSS 
(°Brix) 
TA (%) TSS/TA 
‘B74’ 
0 12.9 0.2  65.5   12.9 0.2 a 73.8 b 
0.5 12.5 0.2  54.4   12.9 0.3 b 49.8 a 
1.0 12.9 0.2  55.8   12.7 0.3 b 49.9 a 
LSD (P = 0.05) n.s n.s  n.s   n.s 0.04  8.5  
‘Honey Gold’  
0 15.7 1.06  22.4   18.5 0.46  42  
0.5 15.7 1.84  13.6   18.7 0.79  35  
1.0 15.4 2.16  7.3   18.2 0.96  28  
LSD (P = 0.05) n.s. n.s.  n.s.   n.s. n.s.  n.s.  
‘Kensington Pride’ 
0 12.6 0.2 a 69.4 b  13.1 0.3 a 40.2 b 
0.5 13.2 1.7 b 11.5 a  13.9 1.1 b 14.4 a 
1.0 12.2 1.8 b 13.4 a  13.4 1.1 b 13.7 a 
LSD (P = 0.05) n.s 1.3  15.9   n.s 0.5  7.1  
‘R2E2' 
0 14.4 0.38  59.6 
 
 14.4 0.15 a 104.7 b 
0.5 15.4 0.29  55.7 
 
 13.8 0.31 c 46.3 a 
1.0 14.6 0.28  54.4 
 
 13.9 0.24 b 58.0 a 
LSD (P = 0.05) n.s. n.s.  n.s. 
 
 n.s. n.s. 
 
37.1 
 
Data represent means for a total of n = 5. Means within assessed parameter columns with different 
lower case letters differ significantly (P≤0.05) by Fisher's protected LSD. n.s. indicates no significant 
difference (P>0.05). 
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Skin Chl and carotenoid concentrations 
Irradiation of fruit at 0.5 and 1.0 kGy inhibited the ripening-related degradation of Chl a, Chl b and 
total Chls in the skins of ‘B74’, ‘Kensington Pride’ and ‘R2E2’ mangoes in both 2012/2013 (Table 
4.7) and 2013/2014 (Tables 4.8 and 4.9) seasons relative to non-irradiated fruit. In contrast, there was 
no significant effect of irradiation on Chl a, Chl b and total Chls concentrations in the skin of ‘Honey 
Gold’. Irradiation at 0.5 to 1.0 kGy generally had no considerable effect on carotenoid concentrations 
of mango skin (Tables 4.7, 4.8 and 4.9).  
The Chls levels are also reflected in h
o
 (Figures 4.8 and 4.11). The h
o
 values were higher in mango 
fruits exposed to 0.5 and 1.0 kGy as compared to control fruit. For example, doses of 0.5 kGy and 
1.0 kGy resulted in 1.5 to 2-fold lower total Chls than in ripe control ‘B74’ samples from SEQ in the 
2013/2014 season (Table 4.9). For ‘Kensington Pride’, irradiation treatments resulted in 2-fold 
greater retention of total Chls as compared to the non-irradiated fruit. Irradiated ‘R2E2’ fruit at 0.5 
kGy and 1.0 kGy also showed 2-fold higher content of total Chls as compared to the control fruit.  
Flesh Chl and carotenoid concentrations 
In general, there was no major effect of the irradiation treatments on the Chl a, Chl b and Chl 
concentrations (P > 0.05) of mango flesh as compared to control fruit (Tables 4.10 and 4.11). As 
shown in Table 4.10, non-irradiated ‘B74’, ‘Kensington Pride’ and ‘R2E2’ mangoes from NQ had a 
high carotenoid level in their flesh as compared to mangoes exposed to 0.5 and 1.0 kGy. Irradiation 
at 0.5 and 1.0 kGy did not affect the carotenoid concentration of the ‘Honey Gold’ flesh samples.  
Carotenoid contents were unaffected by irradiation for ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and 
‘R2E2’ fruit at ripe from SEQ (Table 4.11). A similar effect was observed by Reyes and Cisneros-
Zevallos (2007), where irradiation at 1 - 3.1 kGy did not affect total carotenoid concentrations of 
‘Tommy Atkins’ mango flesh. 
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Table 4.7 Effect of irradiation (0, 0.5, 1.0 kGy) on Chl a, Chl b, total Chls and carotenoid 
concentrations of ripened ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango skin. Green 
mature fruit were harvested from south east Queensland (SEQ) in the 2012/2013 season and exposed 
to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The skin was collected from non-blush area using 
a fruit peeler. 
Dose (kGy) 
Concentration (µg/g) 
Chl a Chl b Total Chls Carotenoids  
‘B74’  
0 5.9 a 6.7 a 12.6 a 67.0 c 
0.5 21.7 b 6.0 a 27.8 a 41.8 b 
1.0 37.5 c 20.7 b 58.2 b 31.0 a 
LSD (P = 0.05) 8.9 
 
12.0 
 
19.9 
 
10.2 
 
‘Honey Gold’ 
0 9.9  8.1  18.0  63.8  
0.5 16.5  16.0  32.5  57.0  
1.0 16.2  14.0  30.2  64.8  
LSD (P = 0.05) n.s   n.s.   n.s.   n.s.  
‘Kensington Pride’  
0 15.2 a 11.2 a 29.3 a 68.9 
 
0.5 42.3 b 21.7 ab 63.9 b 60.6 
 
1.0 55.1 b 27.1 b 82.2 b 56.1 
 
LSD (P = 0.05) 18.0 
 
12.5 
 
28.0 
 
n.s. 
 
 ‘R2E2’ 
0 6.8 a 7.5 
 
14.2 a 63.5 
 
0.5 25.5 b 11.3 
 
36.8 b 59.3 
 
1.0 29.9 b 9.5 
 
39.4 b 54.8 
 
LSD (P = 0.05) 15.3 
 
n.s 
 
18.6 
 
n.s. 
 
Data represent means for a total of n = 5 plus two laboratory replicates per replication. Means within 
assessed parameter columns with different lower case letters differ significantly (P≤0.05) by Fisher's 
protected LSD. n.s. indicates no significant difference (P>0.05).
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Table 4.8 Effect of irradiation (0, 0.5, 1.0 kGy) on Chl a, Chl b, total Chls and carotenoid 
concentrations of ripened ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango skin. Green 
mature fruit were harvested from north Queensland (NQ) in the 2013/2014 season and exposed to -
irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The skin was collected from non-blush area using 
a fruit peeler.  
Dose (kGy) 
Concentration (µg/g) 
Chl a   Chl b  Total Chls Carotenoids  
‘B74’  
0 7.4 
 
10.6 
 
18 
 
76.3 
 
0.5 31.4 
 
20.2 
 
51.6 
 
42.4 
 
1.0 28.2 
 
19.5 
 
47.7 
 
42.9 
 
LSD (P = 0.05) n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
‘Honey Gold’ 
0 11.5 a 19.4  30.9  141.2  
0.5 15.6 ab 14.8  30.4  111.4  
1.0 21.8 b 17.3  39.1  127.6  
LSD (P = 0.05) 7.3   n.s.   n.s.   n.s.  
‘Kensington Pride’  
0 11.7 a 12.6 a 24.3 a 54.9 a 
0.5 61.4 b 31.4 b 92.8 b 65.0 ab 
1.0 62.1 b 32.3 b 94.4 b 69.8 b 
LSD (P = 0.05) 19.6 
 
7.7 
 
26.7 
 
11.7 
 
‘R2E2’ 
0 9.0 a 11.9 a 20.9 a 155.4 
 
0.5 35.6 b 26.3 b 61.8 b 106.6 
 
1.0 36.5 b 25.4 b 61.9 b 118.1 
 
LSD (P = 0.05) 9.7 
 
6.3 
 
14.6 
 
n.s. 
 
Data represent means for a total of n = 5 plus two laboratory replicates per replication. Means within 
assessed parameter columns with different lower case letters differ significantly (P≤0.05) by Fisher's 
protected LSD. n.s. indicates no significant difference (P>0.05). 
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Table 4.9 Effect of irradiation (0, 0.5, 1.0 kGy) on Chl a, Chl b, total Chls and carotenoid 
concentrations of ripened ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango skin. Green 
mature fruit were harvested from south east Queensland (SEQ) in the 2013/2014 season and exposed 
to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. The skin was collected from non-blush area using 
a fruit peeler.  
Dose (kGy) 
Concentration (µg/g) 
Chl a Chl b Total Chls Carotenoids 
‘B74’  
0 23.3 a 19.3 a 42.5 a 67.6 
 
0.5 33.9 ab 25.1 ab 59.0 ab 69.7 
 
1.0 49.7 b 30.4 b 80.1 b 69.3 
 
LSD (P = 0.05) 18.7 
 
8.2 
 
26.3 
 
n.s. 
 
 ‘Honey Gold’         
0 18.6  28.7  47.4  154.7  
0.5 20.2  27.7  47.9  155.3  
1.0 25.2  31.1  56.3  167.5  
LSD (P = 0.05) n.s.  n.s.  n.s.  n.s.  
‘Kensington Pride’  
0 30.1 a 28.8 a 58.9 a 108.0 
 
0.5 80.6 b 39.9 ab 120.5 b 79.8 
 
1.0 90.6 b 42.1 b 132.7 b 83.3 
 
LSD (P = 0.05) 21.5 
 
11.4 
 
31.1 
 
n.s. 
 
‘R2E2’ 
0 19.7 a 29.0 a 48.7 a 155.2 
 
0.5 52.4 b 38.6 b 90.9 b 179.2 
 
1.0 45.8 b 34.8 ab 80.6 b 149.8 
 
LSD (P = 0.05) 8.0 
 
7.3 
 
14.0 
 
n.s. 
 
Data represent means for a total of n = 5 plus two laboratory replicates per replication. Means within 
assessed parameter columns with different lower case letters differ significantly (P≤0.05) by Fisher's 
protected LSD. n.s. indicates no significant difference (P>0.05). 
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Table 4.10 Effect of irradiation (0, 0.5, 1.0 kGy) on Chl a, Chl b, total Chls and carotenoid 
concentrations of ripened ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango flesh. Green 
mature fruit were harvested from north Queensland (NQ) in the 2013/2014 season and exposed to -
irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe.  
Dose (kGy) 
Concentration (µg/g FW) 
Chl a Chl b Total Chls Carotenoids 
‘B74’  
0 8.1 14.0 22.1 14.7 b 
0.5 8.1 13.7 21.7 12.6 b 
1.0 8.2 14.1 22.2 9.6 a 
LSD (P = 0.05) n.s.  n.s.  n.s.  2.7 
 
‘Honey Gold’      
0 3.3 5.4 8.7 22.7  
0.5 3.5 5.7 9.2 17.7  
1.0 3.8 6.9 10.7 18.8  
LSD (P = 0.05)  n.s. n.s.  n.s.  n.s.    
‘Kensington Pride’  
0 5.6 9.7 15.3 22.3 b 
0.5 2.5 4.1 6.6 15.8 a 
1.0 4.8 8.3 13.1 15.4 a 
LSD (P = 0.05) n.s.  n.s.  n.s.  3.5 
 
‘R2E2’ 
0 6.4 10.9 17.4 18.2 b 
0.5 4.3 7.8 12.0 8.4 a 
1.0 6.2 10.7 16.8 13.7 ab 
LSD (P = 0.05) n.s.  n.s.  n.s.  6.2 
 
Data represent means for a total of n = 5 plus two laboratory replicates per replication. Means within 
assessed parameter columns with different lower case letters differ significantly (P≤0.05) by Fisher's 
protected LSD. n.s. indicates no significant difference (P>0.05). 
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Table 4.11 Effect of irradiation (0, 0.5, 1.0 kGy) on Chl a, Chl b, total Chls and carotenoid 
concentrations of ripened ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango flesh. Green 
mature fruit were harvested from south east Queensland (SEQ) in the 2013/2014 season and exposed 
to -irradiation. Fruit were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and 
maintained at 20 ºC and 90 - 100% RH until ripe. 
Dose (kGy) 
Concentration (µg/g FW) 
Chl a Chl b Total Chls Carotenoids  
‘B74’  
0 7.3 
 
12.1 
 
19.4 
 
8.9 
 
0.5 10.1 
 
16.9 
 
26.9 
 
9.0 
 
1.0 13.1 
 
21.8 
 
35.0 
 
10.0 
 
LSD (P = 0.05) n.s.   n.s.   n.s.   n.s.  
‘Honey Gold’         
0 3.4  6.1  9.5  33.5  
0.5 3.1  5.8  8.9  26.5  
1.0 4.2  7.5  11.7  27.2  
LSD (P = 0.05)  n.s.    n.s.    n.s.   n.s.  
‘Kensington Pride’  
0 8.5 
 
14.6 
 
23.0 
 
23.8 
 
0.5 5.1 
 
8.6 
 
13.7 
 
16.3 
 
1.0 8.4 
 
13.8 
 
22.2 
 
21.2 
 
LSD (P = 0.05) n.s.   n.s.   n.s.   n.s.  
‘R2E2' 
0 10.5 
 
18.5 ab 29.0 ab 29.7 
 
0.5 14.6 
 
25.5 b 40.1 b 28.6 
 
1.0 8.1 
 
13.7 a 21.7 a 24.4 
 
LSD (P = 0.05) n.s. 
 
9.1 
 
14.4 
 
n.s. 
 
Data represent means for a total of n = 5 plus two laboratory replicates per replication. Means within 
assessed parameter columns with different lower case letters differ significantly (P≤0.05) by Fisher's 
protected LSD. n.s. indicates no significant difference (P>0.05). 
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Aroma volatiles  
Exposure of green mature fruit to irradiation generally reduced biosynthesis rates of the important 
aroma volatile 2-carene, 3-carene, α-terpinene, p-cymene, limonene, α-terpinolene, and ethyl 
octanoate in the ripened pulp of ‘Kensington Pride’ and ‘R2E2’ mango fruit from NQ, except 
hexanal (Table 4.12). For example, irradiation of ‘Kensington Pride' mango fruit at 0.5 and 1.0 kGy 
reduced the production of α-terpinolene, the most abundant compound in the mango pulp, by 
approximately 66% and 76%, respectively, as compared to the control (i.e. 0 kGy) fruit. Production 
of 3-carene, the second major volatile component in ripe ‘Kensington Pride’, was reduced by 53% 
for 0.5 kGy and about 77% for 1.0 kGy in irradiated fruit relative to controls. There was significant 
reduction in limonene production in ‘Kensington Pride’ mango fruit exposed to the commercial dose 
(0.5kGy) and high dose (1.0kGy). α–Terpinene concentration in the pulp of ‘Kensington Pride’ fruit 
with doses up to 1.0 kGy was lower than that in the control fruit. Similar decreases at the two 
irradiation doses were found, for example, in the aromatics 2-carene, β-cymene and ethyl octanoate 
(Table 4.12). 
Similarly, the pulp of ‘R2E2’ mango fruit irradiated at 0.5 and 1.0 kGy exhibited significantly 
reduced production of aroma volatiles (i.e., 2-carene, 3-carene, α-terpinene, p-cymene, limonene, α-
terpinolene) in the pulp of the ripe fruit as compared to the control, except for hexanal and ethyl 
octanoate. There was no significant effect of irradiation on ethyl octanoate production. Ethyl 
octanoate concentration was minor as compared to other compounds analysed in ‘R2E2’. The 
concentration of α-terpinolene in irradiated (0.5 and 1.0 kGy) ‘R2E2’ mango fruit was 0.6–0.8-fold 
lower than in the control fruit. In contrast, irradiation with 0.5 and 1.0 kGy did not affect the 
concentration of the aroma volatiles hexanal, 2-carene, 3-carene, α-terpinene, β-cymene, limonene, 
α-terpinolene and ethyl octanoate as produced by ripe ‘B74’ and ‘Honey Gold’ cultivars from NQ. 
In SEQ, similar findings were found in ‘Kensington Pride’ and ‘R2E2’ responses to irradiation 
treatment (Table 4.13). Irradiation had a negative impact on aroma production by the pulp with 
marked decreases of aroma concentrations while maintaining minor hexanal concentrations. The 
content of α-terpinolene was significantly lower by 58 and 80% less, respectively, in ‘Kensington 
Pride’ fruit subjected to 0.5 and 1.0 kGy as compared with the non-irradiated fruit. α-Terpinolene 
also decreased by 63% for 0.5 kGy and 75% for 1.0 kGy in ‘R2E2’ fruit relative to their controls. 
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Table 4.12 Effect of irradiation (0, 0.5, 1.0 kGy) on the aroma production of ripened ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ 
mango flesh. Green mature fruit were harvested from north Queensland (NQ) in the 2013/2014 season and exposed to -irradiation. Fruit were 
treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. 
 
Compound (µg/kg) 
Dose (kGy) Hexanal 2-Carene 3-Carene α-Terpinene β-Cymene Limonene α-Terpinolene Ethyl octanoate 
‘Kensington Pride’ 
0 27 
 
96 a 990 a 111 a 28 a 556 a 51,293 a 1.0 a 
0.5 37 
 
9 b 337 b 38 b 13 b 246 b 17,617 b 0.1 b 
1.0 64 
 
7 b 272 b 26 b 12 b 188 b 12,213 b n.d. 
 
LSD (P = 0.05) n.s. 
 
54 
 
606 
 
67 
 
11 
 
270 
 
30,308 
 
0.7 
 
‘B74’ 
                
0 4 
 
13 
 
475 
 
15 
 
10 
 
160 
 
6,489 
 
0.4 
 
0.5 5 
 
16 
 
703 
 
19 
 
12 
 
184 
 
8,938 
 
0.7 
 
1.0 5 
 
6 
 
1263 
 
34 
 
17 
 
263 
 
15,934 
 
0.3 
 
LSD (P = 0.05) n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
Honey Gold' 
0 6 
 
8 
 
74 
 
11 
 
7 
 
136 
 
2,864 
 
0.3 
 
0.5 6 
 
6 
 
68 
 
9 
 
7 
 
124 
 
2,642 
 
n.d. 
 
1.0 7 
 
4 
 
62 
 
7 
 
7 
 
137 
 
2,121 
 
0.1 
 
LSD (P = 0.05) n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
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Table 4.12 (Continued) 
 
Compound (µg/kg) 
Dose (kGy) Hexanal 2-Carene 3-Carene α-Terpinene β-Cymene Limonene α-Terpinolene Ethyl octanoate 
R2E2' 
                
0 40 
 
15 a 112 a 11 a 11 a 127 a 4,807 a 1.3 
 
0.5 44 
 
3 b 44 b 5 b 7 b 99 b 1,085 b 0.8 
 
1.0 32 
 
8 b 51 b 6 b 7 b 103 b 1,844 b 0.4 
 
LSD (P = 0.05) n.s. 
 
5 
 
44 
 
4 
 
3 
 
22 
 
2,434 
 
n.s. 
 
Data represent means for a total of n = 5 plus three laboratory replicates per replication. Means within assessed parameter columns with different  
lower case letters differ significantly (P≤0.05) by Fisher's protected LSD. n.s. indicates no significant difference (P>0.05). n.d.: not detected (it 
belows limit of detection). 
The pulp of ‘Kensington Pride’ non-irradiated fruit also produced 2 to 21-fold higher concentrations of 2-carene, 3-carene, α-terpinene, β-
cymene and limonene than for those irradiated at 0.5 and 1.0 kGy. Similarly, ‘R2E2’ non-irradiated fruit showed 2 to 6-fold higher 
concentrations of 2-carene, 3-carene, α-terpinene, β-cymene and limonene as compared to those irradiated at 0.5 and 1.0 kGy. 
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Table 4.13 Effect of irradiation (0, 0.5, 1.0 kGy) on the aroma production of ripened ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ 
mango flesh. Green mature fruit were harvested from south east Queensland (SEQ) in the 2013/2014 season and exposed to -irradiation. Fruit 
were treated with 10 µl/l ethylene for 2 d at 20 ºC inside a ripening room and maintained at 20 ºC and 90 - 100% RH until ripe. 
  Compound (µg/kg) 
Dose (kGy) Hexanal 2-Carene 3-Carene α-Terpinene β-Cymene Limonene α-Terpinolene 
Ethyl 
octanoate 
‘Kensington Pride’  
0 21  b 42 a 411 a 48 a 15 a 297  a        22,993  a 1.0  a 
0.5 69  ab 2 b 195 b 20 b 7 b 171  b          9,607  b 0.6  b 
1.0 106  a 12 b 93 b 13 b 7 b 126  b          4,577  b 0.5  b 
LSD (P = 0.05) 51 
 
18 
 
190 
 
20 
 
5 
 
108 
 
       10,933  
 
0.5 
 
‘B74’  
                
0 8 
 
50 
 
1205 
 
24 
 
10 
 
273 
 
       14,629  
 
0.5 
 
0.5 6 
 
64 
 
893 
 
25 
 
11 
 
205 
 
       10,752  
 
0.7 
 
1.0 8 
 
24 
 
1035 
 
21 
 
10 
 
211 
 
       10,887  
 
0.7 
 
LSD (P = 0.05) n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s. 
 
n.s.   
Honey Gold'                 
0 2  9  100  10  7  117           3,454   n.d.  
0.5 2  6  50  7  6  107           1,698   n.d.  
1.0 4  1  42  6  5  96           1,263   n.d.  
LSD (P = 0.05) n.s.  n.s.  n.s.  n.s.  n.s.  n.s.           n.s.   n.d.  
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Table 4.13 (Continued) 
  Compound (µg/kg) 
Dose (kGy) Hexanal 2-Carene 3-Carene α-Terpinene β-Cymene Limonene α-Terpinolene 
Ethyl 
octanoate 
R2E2' 
                
0 39 
 
16 a 104 a 10  a 11  a 125  a          4,348  a 1.2 
 
0.5 53 
 
3 b 44 b 5  b 7  b 101  b          1,585  b 0.8 
 
1.0 36 
 
6 b 47 b 5  b 7  b 99  b          1,067  b 0.5 
 
LSD (P = 0.05) n.s.   5 
 
38   4   3   19            2,150    n.s.   
Data represent means for a total of n = 5 plus three laboratory replicates per replication. Means within assessed parameter columns with different  
lower case letters differ significantly (P≤0.05) by Fisher's protected LSD. n.s. indicates no significant difference (P>0.05). n.s indicates no 
significant difference. n.d: not detected (it belows limit of detection). 
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4.4 Discussion 
-Irradiation at 0.5 and 1.0 kGy generally reduced initial rates of softening for ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2’ mango fruit relative to their controls, but there were no differences 
in firmness at ripe (Figures 4.1 and 4.2). These data are in general agreement with the observations 
of Mahto and Das (2013) who reported that ‘Dushehri’ and ‘Fazli’ mangoes exposed to low doses 
(0.3 – 1 kGy) showed lower rates of initial softening as compared with non-irradiated fruit. Boag et 
al. (1990) found that irradiation at 0.75 kGy did not affect softening of ‘Kensington pride’ mangoes 
after storage at 20 °C. In contrast, ‘Tommy Atkins’ mangoes irradiated at 1.5 and 3.1 kGy showed 
higher rates of softening and stiffness as compared with control fruit during storage at 12 °C for 21 
d. (Moreno et al., 2006). The firmness of ‘Tommy Atkins’ mangoes exposed to 1.0 kGy were lower 
throughout storage at 11 ºC for 10 d and at 22 ºC for 12 d as compared to control fruit (Sabato et al., 
2009). This suggested that fruit irradiated at above 1.0 kGy softened more rapidly than their 
controls after long storage at low temperature. The observation that higher softening rates in 
irradiated fruit at above 1.5 kGy be explained by the proposition of Moreno et al. (2006) that fruit 
softening induced by irradiation at above 1.5 kGy was due to the changes in the cell structure, 
surface depressions and cell disruption. 
Exposure of green mature ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango fruit to 0.5 
and 1.0 kGy doses significantly reduced external appearance quality by retarding the loss of green 
skin colour and enhancing the development of LD (Figures 4.4 - 4.14). However, ‘Honey Gold’ 
showed the least pronounced effects in term of green skin colour retention. Similar findings were 
reported by Boag et al. (1990), where irradiation of ‘Kensington Pride’ fruit at 0.75 kGy retarded 
the loss of green skin colour relative to non-irradiated controls. Moreno et al. (2006) also observed 
that the green skin colour loss from ‘Tommy Atkins’ mango was retarded by exposure to  an 
irradiation dose of 3.1 kGy after storage. Green skin colour in irradiated ‘Tommy Atkins’ fruit 
contributed to significantly higher L value as compared to non-irradiated fruit. 
‘B74’ and ‘Honey Gold’ fruit usually showed the greatest and least LD, resp ectively, in response t o 
irradiation as compared with the other cultivars, but this trend was not consistent across all seasons 
and locations (Figures 4.13 - 4.15). This response variation was likely due to the nature of 
genotypic differences (Bally et al., 1996; Dillon et al., 2013). This result accords with Hofman et al. 
( 2010c), who found a significant increase of LD of ‘B74’ mangoes exposed to 0.543 kGy relative 
to non-irradiated fruit. Furthermore, severe skin browning was observed towards the end of shelf 
life in some irradiated ‘Kensington Pride’ and ‘R2E2’ fruit (Figure 4.12). 
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Irradiation at 0.5 and 1.0 kGy generally did not affect TSS at ripe (Tables 4.5 and 4.6). Likewise, 
Lacroix et al. (1990) and Sabato et al. (2009) found that irradiating ‘Keitt’ or ‘Tommy Adkins’ 
mango fruit at 1.0 kGy of -irradiation did not significantly affect TSS. Moreno et al. (2006) 
reported that exposure to 1.0 and 3.1 kGy irradiation delayed the ripening-related increase in TSS of 
‘Tommy Adkins’ fruit. 
-Irradiation doses of up 1.0 kGy showed different cultivar dependant responses on other physico-
chemical properties of mango fruit (Tables 4.5 - 4.11). The lower skin colour rating of greener 
colour and significantly higher TA in irradiated ‘Kensington Pride’ and ‘R2E2’ fruit at ripe suggests 
that rates of these processes were slowed more by irradiation as compared with the other tested 
cultivars, ‘B74’ and ‘Honey Gold’. The net result is greener more acidic fruit at ripe. Palafox-Carlos 
et al. (2012) showed that both flesh acidity and green skin colour decrease during mango fruit 
ripening. El-Samahy et al. (2000) found that irradiation resulted in ‘Zebda’ mango fruit with higher 
TA at ripe stage.  
‘B74’, ‘Kensington Pride’ and ‘R2E2’ mango fruit exposed to 0.5 and 1.0 kGy showed higher level 
of Chl a, Chl b and Chl contents at ripe as compared to the fruit without irradiation in both harvest 
seasons (Tables 4.7 - 4.9). Although reductions in rates of de-greening presumably represent a 
decrease in chlorophyll degradation, this still needs to be confirmed in terms of the biochemistry. 
The losses of green chlorophyll pigment during mango ripening to reveal yellow carotenoid 
pigments is typically associated with increased chlorophyllase and peroxidise activities (Ketsa et al.,  
1999). Moreover, doses of 0.5 and 1.0 kGy did not affect the carotenoid concentration of ‘Honey 
Gold’ flesh samples from both locations (Tables 4.10 - 4.11). A similar effect was observed by 
Reyes and Cisneros-Zevallos (2007), where irradiation in the range of 1.0 - 3.1 kGy did not affect 
the total carotenoid concentration of ‘Tommy Atkins’ mango flesh.  
Irradiation at 0.5 kGy and 1.0 kGy reduced aroma volatile production in ‘Kensington Pride’ and 
‘R2E2’ mangoes (Tables 4.12 and 4.13). Retardation of aroma volatile production by irradiation at 
0.5 and 1.0 kGy was associated with the inhibition of chlorophyll degradation and carotenoid 
synthesis (Figure 4.15). The reduced concentrations of aroma volatiles in irradiated fruit may in fact 
be due to the inhibition of normal ripening-related skin yellowing and the decrease in chlorophyll 
degradation. The inhibition of de-greening was presumably an irradiation-induced suppression of 
the synthesis or activity of enzyme systems, like chlorophyllase, as involved in the regulation of Chl 
breakdown (Kaewsuksaeng et al., 2011). The development of yellow-orange skin colouration 
during mango ripening is due to carotenoids accumulation in the mesocarp (Vásquez-Caicedo et al., 
2005). The relationship between pigments and aroma volatiles is expected to be relatively strong 
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(Defilippi et al., 2009). Some aroma components such as norisoprenoids are derived from 
carotenoids (Defilippi et al., 2009; Winterhalter and Rouseff, 2002). 
 
Figure 4.15 A diagrammatic model of γ-irradiation effects on appearance, physico-chemical 
properties and aroma of four Australian mango fruit cultivars based on currently findings (this 
chapter) and published work (Defilippi et al., 2009; Schwab et al., 2008; Winterhalter and Rouseff, 
2002). Chls, chlorophylls; blue slashes, suppressed; red slashes, suppressed. 
On the other hand, there was no significant irradiation effect on volatile biosynthesis by ‘B74’ and 
‘Honey Gold’ from SEQ (Tables 4.12 and 4.13). Neither a significant general increase nor 
differences of Chl a, Chl b nor Chl contents between the treatments were discerned for ‘Honey 
Mango fruit (’B74’, ‘Honey Gold’, 
‘Kensington Pride’ & R2E2 
Genotypes affect skin disorder 
expression & aroma production 
Location effects 
Variable effects 
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(0.5 & 1.0 kGy)  
Reduce aroma 
production  
Carbohydrates 
Terpenes 
Carbonyls 
Alcohols 
Terpenoid 
pathway  
Caretonoid  
cleavage pathway 
Carotenoids (yellow) 
Chlorophyll degradation 
Norisoprenoids 
Chlorophyllase 
LD Green skin 
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Gold’ mango skin (Tables 4.7 - 4.9). These findings suggest that ‘B74’ and ‘Honey Gold’ are 
relatively less sensitive to irradiation-induced reduction in rates of volatile production. It is possible 
that irradiation has a more dramatic impact on fruit that are typically higher in volatile components 
to begin with. Conversely, irradiation may have little or impact on fruits that typically have low 
volatiles composition. It suggests that the use of irradiation as a disinfestation t reatment should be 
manipulated by further post-harvest practices (suitable fruit ripeness stage for irradiation or proper 
coatings) to optimise the irradiation procedure and deliver high-quality fruit to the market.  In future 
refinement of this work, complimentary sensory evaluation is recommended towards fully 
understanding the impacts of irradiation-induced changes in, for example, TA and aroma on 
consumer satisfaction. 
4.5 Conclusion 
In order to sterilise insect pests and meet quarantine requirements, irradiation doses of 0.4+ kGy are 
applied in the horticultural industry. However, -irradiation at mature green for both the 
recommended commercial level of 0.5 and higher for research purposes (viz. positive control) at 1.0 
kGy generally reduced the visual appearance quality of ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ 
and ‘R2E2’ mango fruit, particularly by inhibiting chlorophyll degradation and by increasing LD at 
ripe. -Irradiation at 0.5 and 1.0 kGy elicited different cultivar dependant responses in the physico-
chemical properties of the fruit. Increased TA and retarded chlorophyll degradation of irradiated 
and ripened ‘Kensington Pride’ and ‘R2E2’ fruit at 0.5 kGy coupled with reduction in volatiles with 
a higher dose at 1.0 kGy may translate into diminished flavour. In contrast, there were no notable 
effects of irradiation treatment at 0.5 and 1.0 kGy on the ‘Honey Gold’ cultivar. Knowing the 
relative susceptibility to irradiation damage in terms of appearance and physical-chemical 
properties for various mango cultivars, in this case Australian, represents opportunity for the mango 
industry to assure the quality of irradiated fruit. Moreover, understanding irradiation effects on 
mango fruit appearance (e.g. LD, skin de-greening), taste (e.g. TSS, TA) and flavour (e.g. aroma 
synthesis) responses should inform postharvest practices to op timise the overall quality of irradiated 
fruit.  
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CHAPTER 5. ANATOMICAL OBSERVATIONS OF LENTICEL 
DISCOLOURATION IN AUSTRALIAN MANGO FRUIT SKIN 
Abstract 
Lenticel discolouration (LD) is a disorder of concern to the mango industry. The disorder is 
typically characterised by brown to black lenticels on the surface of mango fruit visible as small 
round spots sometimes comprised of a bordered centre surrounded by a white corona. To describe 
anatomical features of non-coloured and discoloured lenticels towards better understanding the 
mechanisms of LD in the Australian mango fruit cultivars including ‘B74’, ‘Honey Gold’, 
‘Kensington Pride’ and ‘R2E2, binocular microscope observations, free-hand sectioning, light 
microscopy (LM) and serial block-face scanning electron microscopy (SBF-SEM) were employed. 
There was no pronounced difference in the morphology of lenticels between these four cultivars. 
Morphological examination with LM showed LD clearly evident as browning in the cell wall of 
sub-lenticellular cells around the cavity. No such cell browning was observed in non-discoloured 
lenticels. Based on SBF-SEM results, the browning was related to phenolic deposition in the cell 
walls and of cytoplasm of sub-lenticellular cells surrounding the lenticel cavity. Three different 
types of phenolic deposition were evident as polymerised electron-dense phenolic depositions in the 
cell walls and cytoplasm and a discrete deposit of phenolics in the cytoplasm of sub-lenticellular 
cells surrounding the cavity of discoloured lenticels. Only a discrete deposit of phenolics 
characterised by spherical dark granules was observed in the non-coloured lenticel. Greater 
knowledge of exterior, central and periphery regions of the lenticels and detailed ultrastructural 
changes in the partitioning of phenolics as associated with LD has contributed to an improved 
understanding of the mechanism of LD.  
5.1 Introduction 
Skin appearance is an important quality criterion for fresh fruit. Surface defects can reduce 
perceived quality with undesirable effects on customers’ value decisions to purchase. Lenticel 
discolouration (LD) is an important mango fruit skin disorder in terms of reduction in fruit 
appearance and economic value (Bezuidenhout et al., 2005). 
Lenticels in mango fruit are macroscopic pits on the skin (peel) that contribute or contributed to 
gaseous exchange and transpiration. Lenticels in mango can derive from stomata (Bally, 1999). 
They enlarge during fruit growth due largely to stretching of the fruit surface; i.e. epidermis 
(Bezuidenhout et al., 2005; Rymbai et al., 2012). LD on mango skin produces brown, black or red 
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discoloured spots in and around lenticels. The brown and black discolouration involves vacuolar 
deposition of phenolic compounds in cells surrounding the lenticel cavity (Du Plooy et al., 2009). 
Brown or black lenticels were also associated with accumulation of quinine in cell walls 
(Bezuidenhout and Robbertse, 2005). Red lenticel spotting was related to production of 
anthocyanins in sub-lenticel cells (Self et al., 2006). 
Micro-structural properties of typical lenticels have been described for some mango cultivars. For 
instance, lenticel development and subsequent discolouration in ‘Tommy Atkins’ and ‘Keitt’ mango 
fruit were studied using LM by Bezuidenhout et al. (2005). The discoloured lenticels were 
associated with natural pigment deposition such as quinine in the cell walls (Bezuidenhout et al., 
2005; Tamjinda et al., 1992). In terms of discolouration, differences of LD localisation and 
chemical changes in ‘Tommy Atkins’ mango fruit were characterised by Du Plooy et al. (2006) 
using transmission electron microscopy (TEM). In this study, LD was associated with the 
deposition of electron-dense materials from the cell wall to the inside of cells. 
Physicochemical, including micro-structural properties of LD on Australian mango cultivars are 
largely undescribed. This is perhaps in part because key micro-morphological methodology (viz., 
LM, SEM, TEM, etc.) is an intricate and expensive approach to gaining structural functional 
information on biological tissues (Fowke et al., 1994). In this light, SBF-SEM offers a relatively 
new cost-effective method to align stacks of serial images, including gaining insight in three-
dimensional (3D) structure (Feng et al., 2016). Accordingly, comparative visualisation of non-
discoloured and coloured lenticels using SBF-SEM could contribute to better understanding the 
physiochemistry of LD. 
To better understand the physicochemical mechanism of LD on fruit of the Australian mango 
cultivars ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’, this study sought to: (1) 
comparatively describe the general features of non-discoloured and coloured lenticels on a 
microscopic scale; and, (2) comparatively describe ultrastructural properties in the morphology of 
the non-coloured and discoloured lenticels of ‘B74’ mango fruit. In due course, it is anticipated that 
this basic information will help to inform commercial practices to mitigate post-harvest losses due 
to this disorder. 
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5.2 Materials and methods  
5.2.1 Materials 
‘B74’ (dry matter content of 13.9 ± 1.7%), ‘Honey Gold’ (dry matter content of 18.2 ± 0.4%) and 
‘R2E2’ (dry matter content of 16.6 ± 0.8%) mango (Mangifera indica L.) fruit were collected at 
commercial green maturity stages from orchards near Dimbulah (17.149 oS, 145.111 oE), North 
Queensland (NQ), Australia. ‘Kensington Pride’ mango fruit (dry matter content of 13.1 ±  0.4%) 
was harvested at commercial maturity from near Mareeba (16.992 ºS, 145.422 ºE), NQ, Australia. 
All fruit were de-sapped in 2.5 g/l Mango Wash® (Septone, ITW AAMTech, Australia) solution for 
2 min. They were then taken to a nearby commercial packing house and passed through the pack 
line under standard commercial practices, including fungicide treatment (Sportak®, a.i. prochloraz, 
Bayer Crop Science, Australia), brushing, drying and sorting (Hofman et al., 2010). The fruit were 
then graded for uniform quality and size as per commercial procedures (Hofman et al., 2010). They 
were packed into single-layer cardboard trays with polyethylene liners. The fruit were air-freighted 
to Brisbane over 2 h and then transported by car at ca. 22 oC over about 1 - 2 h to the Maroochy 
Research Facility postharvest laboratory in Nambour, Queensland, Australia (26.62 ºS, 152.95 ºE). 
There, they were treated with 10 µl/l (ppm) ethylene as Ripegas (BOC, Kunda Park, Australia) for 2 
d inside a closed ripening room at 20 ºC and 90 - 100% RH.  
5.2.2 Binocular microscope observations 
Rectangle skin tissues of B74’ mango fruit ~ 2 cm width, ~ 3 - 4 mm length bearing non-coloured 
and discoloured lenticels were excised with a razor blade. The symptoms were photographed using 
a digital camera (Canon DOS40D, Canon Inc., Japan) fitted with fitted with a Canon macro-zoom 
len EF-S 60 mm (Canon Inc., Tokyo, Japan). The lenticels were then examined using an Olympus 
SZH10 research stereo microscope (Olympus, Japan) equipped with Micro Publisher 3.3 RTV 
digital camera (Q-Imaging, Germany). 
5.2.3 Free-hand sectioning 
Non-coloured and brown lenticels on ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ fruit (n 
= 3) were compared at the cellular level. Free-hand sections (approximate 0.038 mm) were cut 
through the excised tissues after Ruzin (1999). They were transferred onto a drop of distilled water 
on a glass microscope slide and covered with glass cover slip. The free-hand sections were viewed 
and photographed with an Olympus BX61 light microscope equipped with a DP 70 camera 
(Olympus, Japan). 
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5.2.4 Light microscopy 
Specimens of mango fruit skin containing lenticels (n = 3) were dissected from ripe ‘B74’ fruit and 
fixed in FAA (50 ml ethanol 95%, 5 ml glacial acetic acid, 10 ml formalin formaldehyde 37 - 40%, 
35 ml distilled water). After dehydration through an increasing ethanol series of 70, 90 and 100% 
twice (45 min each change), samples were infiltrated with 100% xylene twice for 45 min each time. 
Samples were covered with paraffin wax (Leica Bio Systems, USA) at 60 oC twice for 45 min each 
time. Then samples were mounted with paraffin wax at 60 oC and embedded on a Microm EC 350-2 
embedding station (Thermo Fisher Scientific Inc., New Zealand). Serial 5 µm-thick sections were 
cut on a Leica RM 2245 microtome (Leica, Germany). They were de-waxed three times in 100% 
xylene (RCI Labscan, Thailand) for 2 min at each step and washed in a 100, 100, 90 and 70 % 
ethanol series. The tissue sections were washed in running water for 2 min and distilled water for 30 
s. They were stained with using 0.1% Toluidine Blue O (TBO) in 1% (w/v) borax. Sections were 
viewed and photographs were taken with an Olympus BX61 microscope (Olympus, Japan) 
equipped with a DP 70 camera (Olympus, Japan).  
5.2.5 SBF-SEM 
Fixation 
Approximately 1 mm-thick slices of mango pericarp were excised using a scalpel blade (Swann-
Morton®, England) and then fixed in 2.5% glutaraldehyde (ProScitech, Australia) in 0.1M sodium 
phosphate buffer (pH 6.8) containing 1% caffeine (Merck, Australia) for 2 h to preserve phenolics 
(Mueller and Greenwood, 1978). 
Sample preparation (Feng et al., 2016) 
The samples (n = 2) were washed three times for 5 min each in 1X phosphate buffered saline buffer 
(PBS). The samples were postfixed for 1 h in 2% osmium tetroxide/1.5% potassium ferric cyanide 
(Sigma Aldrich, USA) in aqueous solution and washed three times in ultra-high quality water 
(UHQ) for 5 min each. They were then transferred into 1% thiocarbohydrazide solution (Sigma, 
Australia) for 20 min and stirred occasionally. After washing again in UHQ water the samples were 
placed in 2% osmium tetroxide for 1 h, washed in UHQ water and placed overnight in a solution of 
1% uranyl acetate. The samples were subsequently washed three times in UHQ water and 
transferred into a 0.66% lead aspartate solution (Sigma Aldrich, China) in a 60 oC oven for 60 min. 
The specimens were dehydrated in an ascending ethanol series (20%, 50%, 70%, 90%, 100% and 
100 %) for 5 min each followed by 100% ice cold dry acetone for 10 min. After infiltration with 
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DurcupanTM resin (Sigma, USA) and acetone mixes (20%, 50% and 70%) for 2 h each, samples 
were held in 100% Durcupan overnight followed by another change of 100% Durcupan for 2 h. The 
samples in 100% Durcupan resin were polymerised in a 60 oC oven for 48 h. The samples were 
excised from the resin block using a halved stainless-steel shaver blade and mounted on small 
aluminium pins using conductive epoxy glue. To give extra conductivity to the samples, silver paint 
was placed around them. The samples were examined using a Zeiss Sigma SEM with Gatan 3View 
2XP System operated at 1.5 kV and a magnification of 400 and an aperture of 30 μm. Approximate 
numbers of 2,000 and 3,260 sections, respectively, were imaged for non-coloured and discoloured 
lenticels cut with 100 nm slice thickness. The images were each comprised of 4000 x 4000 pixels 
taken of the sample block-face exposed after each sectioning. The reconstruction of data sets from 
serial images was conducted in order to observe multiple position and angular views of lenticels. 
Reconstruction of the image stack into a 3D data set was completed using IMOD software 
(University of Colorado, USA). 
5.3 Results  
5.3.1 Binocular microscope observations 
On ‘B74’ mango fruit, LD appeared as dark-brown to black dots on the fruit skin (Figure 5.1). The 
general features of non-coloured and discoloured lenticels on ‘B74’ mangoes are shown in Figure 
5.1A-B. Non-coloured lenticels on the surface of mango fruit appeared as small, round spots 
surrounded by a white corona (Figure 5.1C). Discoloured lenticels consisted of a small round to 
cross-shaped centre surrounded by a white corona and then a dark brown to black region that 
gradually dispersed into the mango tissue (Figure 5.1D). No such bordered dark-brown centre was 
found in non-coloured lenticels.  
5.3.2 Free-hand section observations 
‘R2E2’ mango fruit (Figure 5.2G, H) appeared to have relatively larger and more open lenticels 
than those in ‘Kensington Pride’ (Figure 5.2E, F). Moreover, lenticels typically had an irregular 
vase or bowl-shaped structure cavity. A waxy cuticle covered the full extent of the pore on the 
corona part of the lenticel. The major difference between non-coloured and discoloured lenticels 
was the bordered dark-brown centre surrounding the corona. In cross sections, discoloured tissue 
was mainly manifested in the sub-lenticellular cell layers beneath the cuticle and the sub-epidermal 
layers of pericarp (Figure 5.2B, D, F, H). In non-discoloured lenticels, there was no such browning 
of these cells surrounding the cavity (Figure 5.2A, C, E, G). However, morphometric data for 
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lenticels in sections cut by hand were not made because sections to a side of a cavity did not include 
the complete opening. 
5.3.3 Light microscopy observations 
In fixed and embedded discoloured lenticels of ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and 
‘R2E2’ mango fruits, a green colour region of TBO stained materials presented in the sub-
lenticellular cell layers beneath the epidermis (Figure 5.3). The sub-lenticellular cells surrounding 
the lenticel cavity were smaller than the other cells of the exocarp. In non-coloured lenticels, there 
was no evidence of TBO-stained material which would otherwise indicate deposition of phenolics 
(Figure 5.3 A, C, E, G). Phenolic compounds heavily stained by TBO (i.e. green colour/s vs. purple 
colour/s) were visible in the sub-lenticellular cell walls surrounding the cavity of discoloured 
lenticels (Figure 5.3 B, D, F, H). 
  
  
Figure 5.1 Symptom of LD on ‘B74’ mango fruit. (A) External feature of LD on fruit. (B) Arrows 
point (panel B) to each of characteristic non-coloured (n) and discoloured (d) lenticels. (C) Arrow 
point to non-coloured lenticel (B) Arrow point to discoloured lenticel. Scale bars = C, D, 50 μm. n, 
non-coloured lenticel; di, discoloured lenticel.  
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Figure 5.2 Light photomicrographs of lenticels on ‘B74’ (A, B), ‘Honey Gold’ (C, D), ‘Kensington 
Pride’ (E, F) and ‘R2E2’ (G, H) mango fruit. (A, C, E and G) Transverse sections (TS) showing no 
browning in non-coloured ‘control’ lenticels. (B, D, F and H) TS showing browning in discoloured 
lenticels. c, cuticle; Ep, epidermal cells; Lc, lenticel cavity; B, browning. (A-H) Scale bars = 20 μm. 
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Figure 5.3 Light microscope images of lenticels on ‘B74’ (A, B), ‘Honey Gold’ (C, D), ‘Kensington 
Pride’ (E, F) and ‘R2E2’ (G, H) mango fruit. The transverse 5 μm-thick sections were examined 
using the paraffin wax embedding method and stained with metachromatic Toluidine Blue O. (A, C, 
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E and G) TS showing phenolics are absent as purple staining colour in non-coloured lenticels. (B, 
D, F and H) TS showing phenolics are present as green staining colour in discoloured lenticels. c, 
cuticle; Ep, epidermal cells; GC, stomatal guard cells; P, phenolics; rd, resin duct; Lc, lenticel 
cavity. Scale bars = A-C, E-H, 20 μm; D, 50 μm. 
5.3.4 SBF-SEM observations 
SBF-SEM study of non-coloured versus discoloured ‘B74’ mango fruit lenticels was undertaken to 
explore their 3D architecture. That is, SBF-SEM was used to better understand and potentially 
differentiate non-coloured and discoloured complete architecture of lenticels at the cellular level. 
By reconstruction of data sets from serial images it is possible to show multiple positions and 
angular views of lenticels. 
Some individual sections illustrated detailed ultrastructural information. The electron-dense 
granular layer above the cuticle in Figure 5.4 is conductive silver paint as applied to the samples to 
reduce charging potential artifacts. The technique enabled clear visualisation of exterior (Figure 5.4 
A-D), central (Figure 5.4 E-F) and periphery (Figure 5.4 G-H) regions of the lenticels. At a cellular 
level, the discoloured lenticel showed extensive accumulation of electron-dense materials in 
hypodermis under the cuticle and sub-lenticellular cells surrounding the cavity. The electron-dense 
materials are most likely polymerised phenolics (Du Plooy et al., 2006; Ramsey and Berlin, 1976). 
SBF-SEM imaging involved relatively massive data collection for 3D space capturing complete or 
almost complete lenticels at relatively high resolution. The image stacks acquired for ‘B74’ mango 
fruit consisted of 2,000 continuous aligned sections for a non-coloured lenticel (Movie 5.1a-b) and 
3,259 sections for a discoloured lenticel (Movie 5.2). The image stacks illustrated the changes from 
the outer cell layers to inner cell layers surrounding the lenticel cavity of lenticels. 
In Movie 5.1a-b, image stacks consisting of 2,000 aligned sections illustrating the structural features 
of a non-coloured lenticel of ‘B74’ mango fruit are presented. (Electronic files ‘Movie 5.1a non-
coloured lenticel stack’ and ‘Movie 5.1b non-coloured lenticel stack’ attached in the external hard 
drive). Viewing the SBF-SEM sequence, a progressive change was distinguished in the interior of 
non-coloured lenticel due to degenerated guard cells and cuticle rupture into the disclosed cavity (in 
Movie 5.1 and 5.2). In Movie 5.2, the image stack consisting of 3,259 aligned sections illustrates 
the structural features of a discoloured lenticel of ‘B74’ mango fruit. (Electronic file ‘Movie 5.2 
discoloured lenticel stack’ attached in the external hard drive). The stack started with a section at 
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the outermost edge of the cavity, and contiguous sections were recorded every 100 nm from this 
point. 
In Movie 5.3, a reconstruction of a data set from serial block-face images of a non-coloured lenticel 
of ‘B74’ mango fruit illustrates the structure of the non-coloured lenticel from different angles. 
(Electronic file ‘Movie 5.3 non-coloured lenticel’ attached in the external hard drive). In Movie 5.4, 
a reconstruction of a data set from serial block-face images of a discoloured lenticel of ‘B74’ mango 
fruit illustrates the structure of the discoloured lenticel from different angles (Electronic file ‘Movie 
5.4 discoloured lenticel’ attached in the external hard drive).  
  
  
Figure 5.4. Four image slices from 3D datasets of non-coloured lenticel of ‘B74’ mango fruit. 
Images A, B, C and D are sections 1, 216, 725 and 1501, respectively, of a total stack of 2,000 
sections at 100 nm thickness. These images of a non-coloured lenticel show minimal evidence of 
electron-dense material accumulation in cells. c, cuticle; Ep, epidermal cells; Lc, lenticel cavity; P3, 
the third type of phenolics; Si, silver conductive paint layer. Scale bars = 25 µm. 
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Figure 5.5. Four image slices from 3D datasets of discoloured lenticel of ‘B74’ mango fruit. Images 
A, B, C and D are sections 776, 1,121, 1680 and 2,800, respectively, of a total stack of 3,259 
sections at 100 nm thickness. These images of a discoloured lenticel illustrate the evidence of 
pronounced electron-dense material accumulation in cells. c, cuticle; Ep, epidermal cells; Lc, 
lenticel cavity; P1 - P3, three types of phenolics; Si, silver conductive paint layer. Scale bars = 25 
µm. 
LD was observed from different angles to reflect the slice-to-slice variability and reveal the 
disparity of actual spatial structure arrangement between non-coloured (Movie 5.3) and discoloured 
lenticels (Movie 5.4). In the discoloured lenticel, phenolic deposition was more prevalent and 
occurred as three types (Figure 5.5, 5.6). Firstly, the appearance of electron-dense materials was 
observed in the cell wall. The second type of deposition was characterised by p henolics completely 
filling the cytoplasm of sub-lenticellular cells next to the cavity. Thirdly, there were further, 
apparently different, areas of differing electron density in the cell cytoplasm of whole tissue 
sections at up to 20 µm in diameter which most likely represented a discrete deposit of phenolics. 
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The first and second types of polymerised electron-dense phenolic depositions were not observed in 
the non-coloured lenticel (Figure 5.4, 5.6). 
   
   
   
Figure 5.6. Images taken from SBF-SEM movie sequences of non-coloured and discoloured of 
‘B74’ mango fruit lenticels. (A, C, E) Images showing minimal evidence of electron-dense material 
in a non-coloured lenticel. (B, D, F) Images showing evidence of more extensive electron-dense 
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material in a discoloured lenticel. c, cuticle; Ep, epidermal cells; GC, stomatal guard cells; Lc, 
lenticel cavity; P1 - P3, three types of phenolics; rd, resin duct.  
5.4 Discussion 
LD is a physicochemical process characterised by darkened t issues around the cavities of lenticels. 
LD can also be evident as a brown to black-coloured blemish surrounding lenticels (Du Plooy et al., 
2006). LD can reduce fruit visual appeal and lead to loss of market confidence, including consumer 
appeal (Self et al., 2006). 
In the present study, no marked difference in the morphology of lenticels between the ‘B74’, 
‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ cultivars were discerned. Nevertheless, there was in 
the anatomy of individual lenticels in all cultivars (Figure 5.3). LM imaging showed that the shape 
of lenticels was typically irregularly oval-shaped (Figure 5.3). LD was evident as browning of sub-
lenticellular cells surrounding the lenticel cavity (Figure 5.2). Based on the evidence of phenolics 
heavily stained by TBO (i.e. green colour/s vs. purple colour/s), this browning was associated with 
polymerised phenolic deposition in sub-lenticellular cells surrounding the lenticel cavity (Figure 
5.3). Bezuidenhout et al. (2005) observed that such discolouration in the lenticel of ‘Tommy 
Atkins’ mango fruit was due to pigment accumulation in the vacuoles of sub-lenticellular cells. Du 
Plooy et al. (2009) considered that the blackening development of lenticels was due to vacuolar 
deposition of phenolics. In the current research, the location of the phenolics within the cells could 
not be clearly observed under LM. Further examination by SBF-SEM was carried out to observe the 
intracellular partitioning of phenolics.  
Resin ducts were visible close to both discoloured and non-coloured lenticels (Figure 5.4). This 
suggests that proximity of canals close to lenticels is not likely to be a factor in the development of 
LD in ‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’cultivars. This is in contrast to the 
previous suggestion by Bezuidenhout et al. (2005) that for ‘Tommy Atkins’ and ‘Keitt’ cultivars a 
relationship between resin ducts and LD may exist. Tamjinda et al. (1992) reported that ‘Falan’ 
mango cultivar did not develop LD due to the presence of a cork cambium.  Bezuidenhout et al. 
(2005) indicated some mango cultivars were more susceptible to LD, a possible result of the 
absence of a cork cambium and cork cells in lenticels. The cambium was not observed in ‘B74’, 
‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’ mango samples, which means that these cultivars are 
more likely to get LD.  
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SBF-SEM made it possible to derive 3D anatomy at the ultrastructure level of mango fruit skin 
lenticels. This structure was the same for both coloured and non-discoloured lenticels, with a similar 
change observed in the discoloured lenticel (in Movie 5.1 and 5.2). Single 50 nm sections observed 
in the TEM only showed a part of lenticel structure. SBF-SEM image stacks provided additional 
information to differentiate between the architecture of non-coloured (in Movie 5.3) and 
discoloured lenticels (in Movie 5.4) at the cellular level.  
In general, both non-coloured and discoloured lenticels of ‘B74’ mango fruit did not vary 
significantly in their structure (Figure 5.6). The lenticels had an irregular oval-like shape. On the 
outer surface of the lenticel, a waxy cuticle covered the epidermis, penetrating into the exposed 
cavity without the waxy cuticle of inner lenticel. Discolouration of the lenticel was apparent 
beneath the cuticle in the sub-lenticellular cells of the pericarp (Figure 5.3 - 5.7). Electron-dense 
phenolic materials were found in the cell wall and cytoplasm of sub-lenticellular cells surrounding 
the cavity (Figure 5.7). These electron-dense phenolic materials were more prevalent in the 
discoloured lenticel than in non-coloured lenticel. 
SBF-SEM provided detailed ultra-structure of LD. Three different types of phenolic deposition 
could be identified in the tissues of a discoloured lenticel (Figure 5.5, 5.7). The first type was 
deposition in the cell wall of sub-lenticellular cells surrounding the cavity. The second type was 
distinguished by phenolics completely filling the cytoplasm of sub-lenticellular cells next to the 
cavity. Thirdly, dark granules of various sizes were distributed randomly in the vacuoles of sub-
lenticellular cells in the region adjacent to the lenticel cavity . However, only the third type of 
phenolic deposition was observed in the non-coloured lenticel (Figure 5.4). Bezuidenhout et al. 
(2005) reported LD only associated with phenolic deposition in the vacuolar contents of sub-
lenticellular cells surrounding the lenticel cavity. 
SBF-SEM has been used to study 3D structure of the thylakoids of Arabidopsis thaliana Nicotiana 
tabacum and Spinacia oleracea (Austin and Staehelin, 2011) and the meristematic cell of 
Arabidopsis root (Kittelmann et al., 2016). In the present study, this technique is applied for the first 
time to study mango LD. It was beneficial to reveal aspects of the 3D nature of the lenticels. In this 
context, the method was superior to LM and traditional SEM. Using TEM, Du Plooy et al. (2006) 
associated LD with electron-dense deposition spreading from the cell wall (i.e. apoplast) towards 
the cytoplasm (i.e. symplast) of the cells. 
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Figure 5.7. A comparative diagrammatic model of LD in mango fruit is based on current findings 
(this chapter) and published work (Bezuidenhout et al., 2005; Du Plooy et al., 2009; Du Plooy et al. ,  
2006). LD is visible as browning in the sub-lenticellular cells surrounding the lenticel cavity. This 
browning was asscociated with phenolic deposition in the sub-lenticellular cells surrounding the 
cavity. There was three different types of phenolic deposition as polymerised electron-dense 
phenolic depositions in the cell walls and cytoplasm and a discrete deposit of phenolics in the 
cytoplasm of sub-lenticellular cells. Lc, lenticel cavity; LD, lenticel discolouration; P1 - P3, three 
types of phenolics; SLC, the sub-lenticellular cells. 
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5.5 Conclusion 
This study characterised the ultrastructural differences of LD in mango fruit. Correlative imaging of 
LD with LM, and SBF-SEM were employed to study the structure of lenticels at different scales. 
SBF-SEM in particular revealed something of the 3D structure of both discoloured and non-
discoloured lenticels. This approach showed relatively detailed ultrastructural changes in the 
partitioning of phenolics as associated with LD. Namely, polymerised electron-dense phenolic 
depositions in the cell wall and cytop lasm of sub-lenticellular cells surrounding the cavity were 
revealed for the first time. This work has progressed knowledge regarding the functional 
microstructure of LD. In due course, it will contribute to greater understanding of the mechanism of 
LD. 
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CHAPTER 6. DIURNAL HARVEST CYCLE AND SAP COMPONENTS 
AFFECT THE DEVELOPMENT OF UNDER-SKIN BROWNING IN ‘HONEY 
GOLD’ MANGO FRUIT 
Abstract 
Under-skin browning (USB) is a physiological disorder that affects harvested ‘Honey Gold’ mango 
fruit. USB is thought to be associated with the sap release from resin canals (laticifers) within the 
exocarp. USB symptoms can develop in response to physical stress (e.g. abrasion) and low 
temperature exposure (e.g. < 10 - 12 °C) during postharvest handling. A postulated effect of harvest 
time over the diurnal cycle regarding the propensity of fruit to develop USB was evaluated. This 
was tested by lightly abrading fruit from over the diurnal cycle to simulate vibration damage in 
transport.  The fruit were then held at 10 - 12 °C for 6 d in line with commercial handling. In 
complementary work, sap extracts were applied to skin abrasion points on additional fruit. Naturally 
expressing USB was compared with induced USB symptoms at the cellular level. Fruit harvested at 
1000 h, 1400 h and 1800 h showed 3 to 5-fold higher USB incidence levels than did those picked at 
2200 h, 0200 h and 0600 h. The concentrations of key aroma volatile compounds (2-carene, 3-
carene, α-terpinene, p-cymene, limonene, α-terpinolene) in the fruit sap were significantly higher 
(P≤0.05) at 1400 h as compared to other harvest times. Treatment with spurt sap collected from fruit 
picked at 1400 h caused up to 15-fold higher browning incidence and 29-fold higher browning 
severity as compared to treatment with spurt sap from fruit picked at 0600 h. Fruit harvested in the 
afternoon were more prone to developing USB than those picked at night and early morning. The 
diurnal variation in sensitivity was attributed to changes in the concentration of fruit sap volatiles. 
Night and early morning harvesting evidently afforded an opportunity to reduce the incidence and 
severity of USB on ‘Honey Gold’ mangoes. To this end, ‘Honey Gold’ growers have changed their 
harvest practices and enhanced the quality of fruit on offer to consumers. 
6.1 Introduction 
The ‘Honey Gold’ mango (Mangifera indica L.) is a relatively new Australian cultivar. It has juicy, 
fibre-free flesh and a pleasant flavour (Marques et al., 2012). However, an unsightly physiological 
skin disorder termed ‘Under-Skin Browning’ (USB) can cause economic loss in the marketplace 
due to poor fruit appearance (Hofman et al., 2010b). USB is visible beneath the epidermis as diffuse 
discoloured areas. There is, however, no damage to the flesh (Marques et al., 2012). Sometimes the 
skin and cuticle can also take on an opaque appearance. ‘Honey Gold’ mango is most susceptible 
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among the common Australian mango cultivars to USB. The physicochemical mechanisms of USB 
and its control are largely unknown. They evidently reflect discolouration of latex vessels and 
surrounding cells (Marques et al., 2012). Delayed or slow cooling of fruit before or after packing 
can reduce the incidence of USB. This is especially so if combined with soft packaging options, 
such as use of foam liners that may reduce vibration damage during transport (Marques et al., 2016; 
Marques et al., 2012). 
Mango fruit and stems, including pedicle and peduncle, are characterised by an internal longitudinal 
multilayered network of branching resin ducts (Joel, 1980). The extensive laticifer system consists 
of sap that stores and can emit resinous secretions (Joel and Fahn, 1980). Turgor pressure in the 
ducts is maintained because the sap contains large amounts of non-dialysable and non-starchy 
carbohydrate (John et al., 2003). These osmolytic compounds allow high water status to be 
maintained in the laticifers, even under tree water deficit stress conditions (Pongsomboon et al., 
1991). Thus, sap or latex in the ducts is generally under high turgor pressure while the fruit is 
connected to the peduncle. When the peduncle is broken, the resin ducts are severed and sap spurts 
and / or oozes out. 
Visually, mango sap is a viscous clear or slightly milky liquid. It typically separates into two 
phases, an oily yellow-brown non-aqueous phase and a milky viscous aqueous phase (Loveys et al., 
1992). The non-aqueous phase contains mono-terpenes (John et al., 1999) and alk(en)ylresorcinols 
(Hassan et al., 2009). The aqueous phase has high polyphenol oxidase (PPO) and peroxidase (POD) 
activities (John et al., 2003). 
Contact of the fruit surface with the sap exudate can lead to skin injury termed ‘sapburn’ (Loveys et  
al., 1992). De-sapping of mangoes in lime and Mango Wash®, a commercial detergent combining 
alkaline salts, phosphates and a biodegradable surfactant, is an important approach to reduce the 
incidence of sapburn (Amin et al., 2008). John et al. (2002) reported that treatment of ‘Badami’, 
‘Malgoa’, ‘Mallika’ and ‘Totapuri’ mango fruit with either whole sap or the non-aqueous phase 
caused sapburn. No skin injury was associated with treatment of fruit with the aqueous phase. The 
sapburn is likely due to terpenoids in sap and PPO and POD in the peel (John et al., 2002). The sap 
terpenoid composition varies considerably among different mango cultivars (John et al., 1999; 
Loveys et al., 1992). Thus, it seems likely that a range of terpenoids may be responsible for sapburn 
in different mango cultivars. For example, limonene, ocimene, -myrcene and -pinene caused 
sapburn in Indian mango cultivars (John et al., 2002). Terpinolene was strongly associated with 
sapburn in ‘Kensington Pride’ fruit (Loveys et al., 1992).  
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Differences in sapburn on fruit harvested at different times of the day have been noted. They were 
suggested to be due to varying sensitivity of the mango fruit skin (Maqbool et al., 2007). The 
severity of sapburn injury was reported to be considerably less for ‘Samar Bahisht Chaunsa’ fruit 
harvested in the morning (e.g. 7 AM) as compared to those harvested other times of the day. It was 
highest among fruit collected at noon (12 PM) (Amin et al., 2008).  
In the present research, we investigated the effects of diurnal fruit harvest time and sap components 
on the propensity of ‘Honey Gold’ mango fruit to develop USB. We hypothesised that ‘Honey 
Gold’ mango fruit harvested in the morning and night would be more resistant to USB than those 
harvested in the afternoon. Moreover, we considered that this response may be related to varying 
characteristics of the sap at different harvest times. To test that, we harvested fruit at several times, 
determined USB susceptibility, and quantified the concentration of aroma volatiles in the sap from 
the diurnal harvest cycle by GC-MS. We also examined the anatomy of USB and induced USB 
symptoms. In general, it was proposed that better understanding of the mechanisms involved in the 
putative diurnal effect, including any differences in sap composition, may provide deeper insight 
into measures to minimise USB incidence in commercial consignments. 
6.2 Materials and methods 
6.2.1 Experiment 1: Effect of diurnal harvest cycle on USB development 
‘Honey Gold’ mango fruit of uniform size were harvested at commercial maturity  (dry matter 
content of 16.8 ± 1.0%) from a commercial orchard near Katherine, Northern Territory, Australia 
(14.28 °S, 132.16 °E). Trees were grown under standard commercial practices (Johnson and 
Hofman, 2009; Kernot et al., 1999). Field temperature and relative humidity during the harvest 
periods were recorded using a Tinytag Ultra 2 logger (Hasting Data Loggers, Australia). 
The fruit (n = 80) were harvested every 4 - 6 h in the 2013/2014 season (viz., 1000, 1400, 1800, 
2400, 0600 and 1400 h) and every 4 h in the 2014/2015 season (viz. 0600, 1000, 1400, 1800, 2200 
and 0200 h) fruiting seasons. Fruit with 2-5 cm-long pedicels attached were carefully transported to 
a nearby packing shed. On a de-sapping rack (Figure 6.1A), the pedicel was broken off at the 
abscission zone and fruit inverted to allow sap to drain over 4 - 5 min. Where required, spurt sap 
(0600 and 1400 h) was collected from extra fruit (60 fruit) in the first 10 - 15 s after stem removal 
for experiment 2. Ooze sap was collected from then on. The sap was collected into glass vials. The 
sap from 20 fruit was collected for each of four replications comprising a total of 80 fruit per 
harvest time. The vial opening was then covered with a piece of aluminium foil and closed with an 
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aluminium screw-on cap. Sap samples were kept on dry ice (BOC, Australia) in a foam container. 
They were transported by car (ca. 22 oC) to the airport and then air-freighted from the Northern 
Territory to Brisbane, Queensland within 1.5 d of harvest. They were then transported in an air-
conditioned (ca. 22 °C) vehicle to the nearby postharvest laboratory in Brisbane. The collected sap 
was then stored at -20 oC pending analysis. The non-aqueous and aqueous phases of sap samples 
were analysed as described in sections 3.2.4, 3.2.6 and 3.2.7 (Chapter 3). Concentrations of eight 
volatiles in the non-aqueous and aqueous phases were referenced to standard curves and calculated 
from the peak area ratios for the unlabelled and labelled compounds versus the concentration ratio. 
The concentrations of volatiles, including hexanal, 2-carene, 3-carene, α-terpinene, p-cymene, 
limonene, α-terpinolene and ethyl octanoate, were expressed as µg/kg. 
After de-sapping, fruit susceptibility to USB was determined by a standard USB test developed for 
this cultivar. The test consisted of abrading the fruit for 2 s at each of four sub-sample locations 
around the largest fruit circumference using a small orbital finishing sander (280 W, Ozito 
Industries Pty Ltd, VIC, Australia) at a speed setting of ‘5’ on a scale of ‘1 - 6’ and 80 grit 
sandpaper (Trojan, NSW, Australia). About 110 g pressure was applied to the sanding disc (Figure 
6.1B). All fruit were abraded within 1 h of harvest. However, half were placed in a cold room at 12 
± 1 ºC after 1 d (‘1 d delay’). The other half was placed in the cold room within 2 h of abrasion (‘no 
delay’). 
All the fruit from experiments 1 and 2 were kept at 10 ± 1 ºC for a further 5 d and then road-
freighted under commercial conditions in a standard 20-pallet 40-foot refrigerated trailer at about 14 
ºC to Wamuran in Queensland, a distance of approx. 3,100 km from the farm. From Wamuran, the 
fruit were then transported in an air-conditioned vehicle at ca. 22 oC to the Eco-Science Precinct, 
Department of Agriculture and Fisheries building in Brisbane, approx. 70 km from Wamuran, and 
ripened in a ripening room at 20 °C and 90 - 100% RH. 
  
Figure 6.1 Collecting sap on a de-sapping rack (A) and USB abrasion test as applied with an orbital 
finishing sander (B). 
B
p 
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6.2.2 Experiment 2: Effect of sap components on USB development 
To test the hypothesis that USB diurnal responses were at least partly due to sap characteristics, 
either whole sap or its component spurt or ooze sap were collected from additional ‘Honey Gold’ 
fruit harvested in the morning (0600 h, n = 40) and afternoon (1400 h, n = 40) in the 2014/2015 
season, as described above. An aliquot of 0.1 ml of either spurt or ooze sap, of whole sap or of 
distilled water was placed onto the abraded surface of morning- (0600 h) and afternoon-harvested 
(1400 h) fruit as mentioned in section 6.2.1 in experiment 1. To affirm effects of main oil fraction 
ingredients in mango fruit sap, 0.1 ml of pure terpinolene (Sigma-Aldrich), limonene (Aldrich), 2-
carene (Aldrich) and distilled water were placed onto 1 cm2 rectangular filter papers. The filter 
papers were then covered with pieces of aluminium foil (~ 35 - 40 cm2) with plastic tape to reduce 
vaporisation. The fruit were then held at 12 ± 1 ºC for 6 d, road-freighted to Brisbane under 
commercial conditions as described above and ripened in a ripening room at 20 °C and and 90 - 
100% RH before being assessed for damage areas around abrasion sites, as described below. 
6.2.3 Assessment of USB, induced USB symptoms, and sapburn severity and incidence  
The severity of USB, induced USB and sap burn around the abrasion site on each fruit was rated 
according to the following scale (Hofman et al., 2010a): 0 = nil; 1 = < 3% (1 cm2) of skin surface 
affected; 2 = ~ 3% (1 – 3 cm2); 3 = ~ 10% (3 – 12 cm2); 4 = 10% – 25% (12 - 25 cm²); and 5 = > 
25% of skin surface affected.  Placing sap onto abraded fruit often resulted in slight brown-coloured 
damage to the surrounding skin. This symptom is referred to as sapburn. Injection of terpinolene 
and limonene as described in section 6.2.2 caused significant brown-coloured damage to the 
surrounding skin, similar to natural USB symptoms. This symptom is referred to as induced USB 
symptoms. 
The incidence of USB within each replication was calculated as the proportion (%) of fruit or 
abrasion sites that developed USB relative to the total number of fruit or abrasion sites. The severity 
of USB lesions not associated with abrasion treatment (i.e., those which developed on other areas of 
the fruit) were also recorded. The severity of USB and induced USB symptoms induced by 
terpinolene and limonene and also of sapburn were calculated as the average severity rating of those 
fruit as affected by USB, induced USB or sapburn symptoms in each treatment, excluding the non-
affected fruit. 
 127 
    
6.2.4 Determination of sap volume and composition 
The proportional volumes of whole sap, non-aqueous and aqueous sap phases from the diurnal trials  
in 2013/2014 and 2014/2015 fruiting seasons were measured using a graduated cylinder after the 
phases had separated. The non-aqueous and aqueous phases of sap collected each harvest time were 
separated at 3000 rpm using a 5810 R centrifuge (Eppendorf, Germany) for 10 min. Aliquots of 0.1 
g of whole sap or 0.03 g of non-aqueous phase were mixed in 10 ml of distilled water using a ball 
mill MM400 (Retsch GmbH, Germany) for 30s, diluted a further 50 times with distilled water, and 
then diluted a further either 50 times or 25 times with distilled water for the whole sap and non-
aqueous phase, respectively. The non-aqueous and aqueous phases of sap samples were then 
analysed for aroma volatile quantification by using stable isotope dilution analysis (SIDA) in 
conjunction with headspace (HS) solid-phase microextraction (SPME) coupled with gas-
chromatography mass spectrometry (GCMS) as described in sections 3.2.5, 3.2.6 and 3.2.7 (Chapter 
3). The concentrations of eight volatiles in the mango samples were referenced to standard curves 
and calculated from the peak area ratios for the unlabelled and labelled compounds versus the 
concentration ratio. Concentrations of volatiles, including hexanal, 2-carene, 3-carene, α-terpinene, 
p-cymene, limonene, α-terpinolene and ethyl octanoate, were expressed as µg/kg. 
6.2.5 Anatomy of natural USB, induced USB symptoms and sapburn  
Fruit tissues (n = 3) with and without skin browning symptoms were prepared for light microscop y . 
USB and sapburn on ‘Honey Gold’ fruit were compared and contrasted at the cellular level. Free-
hand sections were cut through the excised tissues after Ruzin (1999). The tissue sections were 
transferred into a drop of distilled water on a glass microscope slide and covered with a glass cover 
slip. The hand sections were viewed and photographed with an Olympus BX61 LM equipped with a 
DP 70 camera (Olympus, Japan). 
6.2.6 Experimental design and statistical analysis 
In experiment 1, a factorial design was used [six harvest times x two (time) delay treatments] with 
four replications (rows). Ten individual fruit from 10 trees per replication comprising four sub-
samples per fruit per harvest time per time delay treatment were used for USB induced by the 
abrasion test in the diurnal harvest effect. Four replications with 20 individual fruit from 10 trees 
per replication per harvest time were used for sap volume and composition. In experiment 2, seven 
fruit per replicates comprising two sub-samples per fruit were used for sap and chemical injection. 
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Statistical analyses were performed using Genstat 14 (VSN International Ltd., UK). USB incidence 
was analysed using a Generalised Linear Model (GLM) with a binomial distribution and logit link. 
Where treatment interactions were significant, pairwise comparisons were made using Fishers 
protected least significant difference (LSD) procedure at P = 0.05. Back-transformed means are 
presented. The effects of harvest time and delay treatments were included. Analyses on average 
severity were performed using an unbalanced analysis of variance (ANOVA). In order to determine 
the overall average USB severity rating, the first results (USB incidence) were combined with the 
second results (average severity of affected fruit with USB) and t -tests were used to find the 
pairwise comparisons between treatments. 
The General Analysis of Variance model was used to analyse the data on severity and browning 
incidence by chemical and sap injection. This model was also used for field temperature, relative 
humidity, the volume of sap and the proportion of sap phases.  
The One-Way Analysis of Variance model was applied for volatiles concentrations. In all trials, the 
least significant difference (LSD) procedure at P = 0.05 was used to test for differences between 
treatment means. 
6.3 Results 
6.3.1 Experiment 1: Effect of diurnal harvest cycle on USB development 
6.3.1.1 Field temperature and relative humidity 
In the 2013/2014 season, field temperatures during harvest increased from 30 ºC at 1000 h to almost 
36 ºC at 1400 h, then decreased to about 24 ºC by 2400 h, and then increased to 37 ºC at 1400 h on 
the second day (Figure 6.2A). RH was lowest at 1400 h for both harvest days at 37 and 38%, 
respectively (Figure 6.2B). As the temperature decreased, the relative humidity increased, reaching 
100% at 2400 h and 0600 h. 
Similar trends were observed in the 2014/2015 season (Figure 6.3A). Field temperature increased 
from 20 ºC at 0600 h to almost 40 ºC at 1400 h and then decreased to about 27 ºC by 2200 h. RH 
was highest at 0600 h (91%) and lowest at 1400 h (37%), and then increased to about 66% by 0200 
h (Figure 6.3B). 
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Figure 6.2 Field temperatures (A) and relative humidity (B) over a diurnal harvest cycle in the 
2013/2014 season. Field temperature and relative humidity during the harvest periods were 
recorded using a Tinytag Ultra 2 logger. 
 
Figure 6.3 Field temperatures (A) and RH (B) over a diurnal harvest cycle in the 2014/2015 season.  
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Field temperature and relative humidity during the harvest periods were recorded using a Tinytag 
Ultra 2 logger. 
 
Figure 6.3 (Continued). 
6.3.1.2 Diurnal harvest effect 
In the 2013/2014 season, USB incidence was highest on fruit harvested at 1400 h and 1800 h for 
both harvest days (Figure 6.4A). Similarly, fruit harvested at 1400 h and 1800 h showed higher 
USB severity than for all other harvest times (Figure 6.4B). However, there was no significant 
interaction between harvest time and delay (P>0.05) on USB incidence and severity at abraded 
sites. 
The results in 2014/2015 were similar regarding USB incidence (Figure 6.5A). It  was significantly 
different (P≤0.05) between harvest times (Figure 6.5A, 6). USB incidence was lowest in fruit 
harvested at 2200, 0200 and 0600 h and the highest in fruit harvested at 1400 h and 1800 h. There 
was no significant (P>0.05) difference in USB incidence between fruit placed in the cold room 
immediately after abrasion and those that were held for 1 d before cooling. Opposite patterns were 
observed for the average severity of USB (Figure 6.5B). That is, there was significant interaction 
between harvest time and delay (P≤0.05) on USB severity at abraded sites. There was little diurnal 
effect on USB severity if fruit were placed in the cold room 24 h after abrasion. 
USB lesions were also observed on areas of the skin that had not been abraded, presumably as a 
result of physical damage during handling and transport. These USB lesions from non-abraded 
regions would likely reflect natural USB occurring under commercial conditions. The results for 
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2014/2015 indicated that the incidence of fruit with commercially significant USB not caused by 
artificial abrasion was highest in fruit harvested at 1000 h and 1400 h as compared with other 
harvest times (Figure 6.7A). Delaying for 24 h before cooling increased the incidence and severity 
in fruit harvested at 1000 h and 1400 h and there was a significant difference (P≤0.05) in USB 
incidence and severity between no delay and a 1 d delay with fruit harvested at other times (Figure 
6.7). USB incidence at 1400 h in no delay fruit was significantly (P≤0.05) higher than other harvest 
times. These results generally reflect those using the USB test in that USB incidence was 
significantly (P≤0.05) higher than at 1400 h as compared to other harvest times. Similar patterns for 
the fruit at 1400 h were observed for the average severity of USB as shown in Figure 6.7B. 
 
Figure 6.4 Under skin browning (USB) induced by the abrasion test in 2013/2014. (A) The 
incidence of USB from the diurnal harvest cycle. (B) The average severity of USB from the diurnal 
harvest cycle. The LSD (P = 0.05) bars are for comparison between harvest times. If the difference 
between means is less than the vertical bar, then there is no statistically significant difference 
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between those means (P>0.05). n.s. indicates no significant difference (P>0.05). n = 4 replications 
each comprised of 10 individual fruit on each of which four sub-samples were taken.  
 
Figure 6.5 Under skin browning (USB) induced by the abrasion test in 2014/2015. (A) The 
incidence of USB from the diurnal harvest cycle. (B) The average severity of USB from the diurnal 
harvest cycle. The LSD (P = 0.05) bar on graph A is for comparison between harvest time and on 
graph B for the interaction between harvest time and delay treatments. Fruit were placed in the cold 
room after 1 d of abrasion (termed ‘1 d delay’) and fruit were placed in the cold room within 2 h of 
abrasion (termed ‘no delay’). If the difference between means is less than the vertical bar, then there 
is no statistically significant difference between those means (P>0.05). n = 4 replications each 
comprised of 10 individual fruit on each of which four sub-samples were taken. 
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Figure 6.6. USB associated with the abrasion test on fruit harvested at 1400 h (A) and 2200 h (B).  
 
Figure 6.7 USB not associated with the abrasion test (i.e. natural USB) in 2014/2015. (A) The 
incidence of USB over the diurnal harvest cycle. (B) The average severity of USB over the diurnal 
harvest cycle. The LSD (P = 0.05) bars are for the interaction between harvest time and delay 
treatments. Fruit were either placed in the cold room after 1 d of abrasion (‘1 d delay’) or within 2 h 
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of abrasion (‘no delay’). If the difference between means is less than the vertical bar, then there is 
no statistically significant difference between those means (P>0.05). n = 4 replications each 
comprised of 10 individual fruit on each of which four sub-samples were taken. 
6.3.1.3 Sap components over the diurnal harvest cycle 
In the 2013/2014 season, the volume of whole sap collected decreased significantly (P≤0.05) from 
0.7 ml/fruit at 1000 h to 0.4 ml/fruit at 1400 h, then increased to 1 ml/fruit by 0600 h and then 
declined to 0.3 ml/fruit at 1400 h on the second day (Figure 6.8A).  The volume of the non-aqueous 
and aqueous phases showed similar trends over the diurnal harvest cycle (Figures 6.8B and 6.9C). 
The volumes of the non-aqueous and aqueous phases were lowest in fruit harvested at 1400 h on 
both days There were no significant differences (P>0.05) in the relative proportions of the non-
aqueous and aqueous phases between 1000 h and 1800 h on the first day harvest (Figure 6.8D). 
However, the relative proportion of the non-aqueous phase tended to be 1.7-fold higher and that of 
the aqueous phase was lower at 1400 h on the second day (Figure 6.8D).  
 
Figure 6.8 Changes in the volume of whole sap (A), non-aqueous phase (B), aqueous phase (C) and 
the relative proportions of non-aqueous phase and aqueous phase (E) over the diurnal harvest cycle 
in the 2013/2014 season. The LSD (P = 0.05) bars are for comparison of means between harvest 
times. n = 4 replications. 
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Similar results were found in the 2014/2015 season. The volume of whole sap decreased 
considerably from approximately 0.9 ml/fruit at 0600 h to around 0.3 ml/fruit at 1400 h and then 
increased to about 0.7 ml/fruit by 0200 h (Figure 6.9A). The volumes of the non-aqueous and 
aqueous phase were significantly (P≤0.05) lower at 1400 h and 1800 h than other harvest times 
(Figure 6.9B). However, the diurnal harvest cycle did not significantly  (P>0.05) differentially affect 
the relative proportions of non-aqueous and aqueous sap phases (Figure 6.9D). 
 
Figure 6.9 Changes in the volume of whole sap (A), non-aqueous phase (B), aqueous phase (C) and 
the relative proportions of non-aqueous phase and aqueous phase (E) over the diurnal harvest cycle 
in the 2014/2015 season. The LSD (P = 0.05) bars are for comparison of means between harvest 
times. n.s. indicates no significant difference (P>0.05). n = 4 replications. 
6.3.1.4 Sap aroma volatiles over the diurnal harvest cycle 
In the 2013/2014 fruiting season, 2-carene, 3-carene, p-cymene, -terpinene, limonene and –
terpinolene concentrations were significantly (P≤0.05) higher in the whole sap from fruit harvested 
at 1400 h from the second harvest day as compared to all other harvest times (Figure 6.10). –
Terpinolene was the dominant volatile compound as compared with the other compounds in the 
whole sap, being 178 mg/g at 1400 h on the second day.  
 
S
ap
 v
o
lu
m
e 
(m
l/
fr
u
it
)
0.0
0.2
0.4
0.6
0.8
1.0
0600 1000 1400 1800 2200 0200
N
o
n
-a
q
u
eo
u
s 
p
h
as
e 
(m
l/
2
0
 f
ru
it
) 
0.0
0.5
1.0
1.5
Harvest time (hrs)
A
q
u
eo
u
s 
p
h
as
e 
(m
l/
2
0
 f
ru
it
) 
0
5
10
15
20
LSD
LSD
LSD
A
B
C
0600 1000 1400 1800 2200 0200
P
ro
p
o
rt
io
n
 (
%
)
0
20
40
60
80
100
120 D AqueousNon-aqueous
n.s.
 136 
    
 
Figure 6.10 Changes in the concentrations of aroma volatiles, including 2-carene (A), 3-carene (B), 
p-cymene (C), -terpinene (D), limonene (E) and –terpinolene (F), in the whole sap over the 
diurnal harvest cycle in the 2013/2014 season. The LSD (P = 0.05) bars are for comparison of 
means between harvest times. n.s. indicates no significant difference (P>0.05). n = 4 sap 
replications plus two laboratory replicates per replication. 
In the non-aqueous phase, the concentrations of 2-carene, 3-carene, -terpinene, and limonene were 
not significantly (P>0.05) different at each harvest time (Figure 6.11). On the other hand, p-cymene 
and –terpinolene were highest at 1400 h and lowest at 2400 h and 0600 h. Furthermore, the 
concentrations of the six volatile compounds mentioned above in the non-aqueous sap phase were 
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markedly higher than in the aqueous phase. For example, the non-aqueous phase of sap collected 
from fruit at 1400 h on the second day had more than a 1000-fold higher concentration of –
terpinolene than the aqueous sap phase.  
 
Figure 6.11 Changes in the concentrations of aroma volatiles, including 2-carene (A), 3-carene (B), 
p-cymene (C), -terpinene (D), limonene (E) and –terpinolene (F), in the non-aqueous phase over 
the diurnal harvest cycle in the 2013/2014 season. The LSD (P = 0.05) bars are for comparison of 
means between harvest times. n.s. indicates no significant difference (P>0.05). n = 4 sap 
replications plus two laboratory replicates per replication. 
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In the aqueous phase, the concentrations of 2-carene, 3-carene, p-cymene, -terpinene, limonene 
and –terpinolene in samples collected between 1000 h and 1400 h were significantly (P≤0.05) 
higher than those from other harvest times as shown in Figure 6.12. 
 
Figure 6.12 Changes in the concentration of aroma volatiles of the aqueous phase including 2-
carene (A), 3-carene (B), p-cymene (C), -terpinene (D), limonene (E) and –terpinolene (F) over 
the diurnal harvest cycle in the 2013/2014 season. The LSD (P = 0.05) bars are for comparison of 
means between harvest times. n = 4 sap replications plus two laboratory replicates per replication. 
2
-C
ar
en
e 
(
g
/g
)
0
2
4
6
8
10
12
3
-C
ar
en
e 
(
g
/g
)
0
20
40
60
80
-T
er
p
in
en
e 
(
g
/g
)
0
5
10
15
20
p
-C
y
m
en
e 
(
g
/g
)
0
1
2
3
4
5
6
7
0600 1000 1400 1800 24001400s
L
im
o
n
en
e 
(
g
/g
)
0
5
10
15
20
Harvest time (hrs)
0600 1000 1400 1800 24001400s
-T
er
p
in
o
le
n
e 
(
g
/g
)
0
200
400
600
800
1000
A B
C
LSD
D
E F LSD
LSD
LSD
LSD
LSD
 139 
    
The general pattern of volatile concentrations was similar in the 2014/2015 season (Figure 6.13). In 
whole sap, concentrations of 2-carene, 3-carene, p-cymene, -terpinene, limonene and –
terpinolene at 0600 h increased considerably to a peak at 1400 h and then reduced dramatically by 
2200 h (Figure 6.13). The whole sap obtained at 1400 h had the highest concentrations of these 
compounds, with adominance of –terpinolene at approximately 68.7 mg/g. The whole sap at 
between 2200 h and 1000 h had the lowest concentration of these compounds. 
 
Figure 6.13 Changes in the concentrations of aroma volatiles of the whole sap, including 2-carene 
(A), 3-carene (B), p-cymene (C), -terpinene (D), limonene (E) and –terpinolene (F), over the 
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diurnal harvest cycle in the 2014/2015 season. The LSD (P = 0.05) bars are for comparison of 
means between harvest times. n = 4 sap replications plus two laboratory replicates per replication.  
 
Figure 6.14 Changes in the concentrations of aroma volatiles of the non-aqueous phase, including 2-
carene (A), 3-carene (B), p-cymene (C), -terpinene (D), limonene (E) and –terpinolene (F), over 
the diurnal harvest cycle in the 2014/2015 season. The LSD (P = 0.05) bars are for comparison of 
means between harvest times. n = 4 sap replications plus two laboratory replicates per replication. 
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Figure 6.15 Changes in the concentration of aroma volatiles of the aqueous phase, including 2-
carene (A), 3-carene (B), p-cymene (C), -terpinene (D), limonene (E) and –terpinolene (F), over 
the diurnal harvest cycle in the 2014/2015 season. The LSD (P = 0.05) bars are for comparison of 
means between harvest times. n = 4 sap replications plus two laboratory replicates per replication.  
The non-aqueous phase had the greatest concentration of the six volatile compounds, whereas the 
aqueous phase had the least (Figure 6.14). In the non-aqueous phase sap, the highest concentrations 
of 2-carene, 3-carene, p-cymene, -terpinene, limonene and –terpinolene were at 1400 h. The 
lowest levels were at between 0200 h and 1000 h. However, the concentrations of these volatiles in 
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the aqueous phase sap were not significantly (P>0.05) different over the diurnal harvest cycle 
(Figure 6.15). Hexanal and ethyl octanoate were not detected in the ‘Honey Gold’ mango sap. 
6.3.2 Experiment 2: Effect of sap components on USB incidence 
Placing 0.1 ml sap or the main ingredients of oily fraction, including terpinolene and limonene, onto 
fruit could elicit brown-coloured damage to the surrounding skin (Table 6.1). The symptoms were 
generally similar, but not identical, to USB. They illustrated the potential for sap to cause 
significant damage. 
Table 6.1 Effects of sap components on the response of fruit harvested at different times on USB 
development. To test the hypothesis that USB diurnal responses were at least partly due to sap 
characteristics, an aliquot of 0.1 ml of either spurt or ooze sap, of whole sap from additional ‘Honey 
Gold’ fruit harvested in the morning (0600 h) and afternoon (1400 h) in the 2014/2015 season or of 
distilled water was placed onto the abraded surface of morning- (0600 h) and afternoon-harvested 
(1400 h) fruit. The fruit were then held at 12 ± 1 ºC for 6 d, road-freighted to Brisbane under 
commercial conditions in a standard 20-pallet 40-foot refrigerated trailer at about 14 ºC to 
Wamuran in Queensland. Then the fruit were transported in an air-conditioned vehicle at ca. 22 oC 
to the lab in Brisbane and ripened in a ripening room at 20 °C and 90 - 100% RH. 
Treatment Browning incidence (%) Browning severity 
Water 0 0.0 a 
Applied to the morning harvested fruit 
  
Afternoon sap 50 2.7 c 
Afternoon spurt sap 57 1.8 b 
Afternoon ooze sap 0 0.0 a 
Applied to the afternoon harvested fruit 
  
Morning spurt sap  7 0.1 a 
Morning ooze sap 0 0.0 a 
Afternoon sap  100 2.2 b 
Afternoon spurt sap  100 2.9 c 
Afternoon ooze sap  0 0.0 a 
Means within assessed parameter columns with different lower case letters differ significantly 
(P≤0.05) by Fisher's protected LSD. n = 7 individual fruit replicates each comprised of two sub-
samples per fruit.  
 143 
    
The average results for browning incidence and severity are stated (Table 6.1). Neither water nor 
the ooze sap obtained from morning- or afternoon-harvested fruit resulted in sap burn injury when 
placed on the fruit. However, whole sap and spurt sap from afternoon-harvested fruit resulted in 
considerable browning to all the fruit; viz. 100% browning incidence. The spurt sap from morning-
harvested fruit resulted in less damage. In addition, the incidence data for applying afternoon spurt 
sap showed a higher proportion of treated sites with skin damage on fruit harvested in the afternoon 
as compared to morning-harvested fruit. 
Treatment of fruit skin with 2-carene resulted in less skin browning (viz., 7% of incidence) as 
compared to those with terpinolene and limonene (viz., 100% incidence). Topical applications of 
terpinolene and limonene caused similar degrees of induced USB symptoms on all fruit (Table 6.2). 
The symptoms from induced USB by terpinolene and limonene were similar, but not identical, to 
natural USB (Figure 6.16). They illustrate the potential for sap to cause damage. There was no 
evidence of differing efficacy between these two sap components. 
Table 6.2 Effect of main oil fraction ingredients including terpinoline, 2-carene and limonene to 
induce USB symptoms in ‘Honey Gold’ mango fruit skin. An aliquot of 0.1 ml of pure terpinolene, 
limonene, 2-carene and distilled water were placed onto abraded surface of morning- (0600 h) and 
afternoon-harvested (1400 h) fruit. The fruit were then held at 12 ± 1 ºC for 6 d, road-freighted to 
Brisbane under commercial conditions in a standard 20-pallet 40-foot refrigerated trailer at about 14 
ºC to Wamuran in Queensland. Then the fruit were transported in an air-conditioned vehicle at ca. 
22 oC to the Eco-Science Precinct, Department of Agriculture and Fisheries and ripened in a 
ripening room at 20 °C and 90 - 100% RH. 
Treatment Induced USB incidence (%) Induced USB severity 
Water 0 0.0 a 
Pure 2-carene 7         0.1  a 
Pure Limonene 100         4.0  b 
Pure terpinolene 100         4.0  b 
Means within assessed parameter columns with different lower case letters differ significantly 
(P≤0.05) by Fisher's protected LSD. n = 7 individual fruit replicates each comprised of two sub-
samples per fruit. 
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Figure 6.16 Symptoms of USB in the afternoon-harvested (1400 h) fruit caused by abrasion test as 
applied with an orbital finishing sander (A), sap -burn browning due to topical sap application (B), 
induced USB symptoms by topical terpinolene (C), limonene (D) and 2-carene (E) applications, and 
control sample treated with distilled water (F). MB, mild skin browning; NB, no browning; SB, 
severe skin browning; USB, under-skin browning. 
6.3.3 Anatomical observations 
Natural USB symptoms were localised to parenchyma tissues under the epidermis and were not 
associated with the cuticle (Figure 6.17A). There was no browning of the cuticle through to the fruit 
surface and as comprised of the waxy cuticle and epidermal and hypodermal cell layers. Natural 
USB-affected tissues showed dark brown parenchyma cells around the epithelial cells that line resin 
ducts (Figure 6.17B).  
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Figure 6.17 Hand sections of natural USB (A, B), browning due to topical spurt sap application (C, 
D), induced USB symptoms by topical terpinolene (E, F) and limonene (G, H) versus control 
(distilled water) applications (I, J) in ‘Honey Gold’ mango fruit. (A) Transverse section (TS) 
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through USB-affected skin tissue showing browning beneath the epidermis. (B) TS through USB-
affected skin tissue showing dark-brown cells surrounding resin ducts. (C, D) TS through browning 
due to topical spurt sap application showed mild browning was appeared slightly in the epidermis. 
(E) TS through induced USB-affected skin tissue by topical terpinolene showing browning beneath 
the epidermis. (F) TS through induced USB by topical terpinolene showing dark-brown cells 
surrounding resin ducts. (G) TS through induced USB-affected skin tissue by topical limonene 
showing browning beneath the epidermis. (H) TS through induced USB by topical limonene 
showing dark-brown cells surrounding resin ducts. (I) TS through control tissue showing no 
browning beneath the epidermis. (J) TS through control tissue showing no browning around resin 
ducts. Scale bars = A, C, 100 μm; B, D, 20 μm. c, cuticle; rd, resin duct; Ep, epidermal cells; e, 
epithelial cells; USB, under-skin browning; b, browning; Scale bars = A, C, E, G, I, 100 μm; B, D, 
F, H, J, 50 μm.  
  
Figure 6.17 (Continued). 
Topical sap injection caused mild browning which was appeared slightly in the epidermis (Figure 
6.17C and D). No browning was observed in healthy fruit tissues as treated by topical water 
application (Figure 6.17 I and J). Induced USB symptoms as caused by  the main non-aqueous 
fraction sap components terpinolene and limonene also showed distinct browning beneath the 
epidermal layer (Figure 6.17 E and J). Observation of cross sections through induced USB 
symptoms due to terpinolene and limonene showed similar dark brown parenchyma cells 
surrounding the epithelial cells as compared with natural USB symptoms (Figure 6.17 F and H). 
While the induced USB symptoms by terpinolene and limonene were not identical to natural USB, 
the potential for sap components to cause damage was clearly demonstrated. 
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6.4 Discussion 
There was a strong association between harvest time and USB incidence and severity. ‘Honey 
Gold’ fruit harvested at night and in the early morning were less sensitive to USB as induced by a 
‘standardised test’ comprised of light skin abrasion followed by storage at 10 - 12 ºC for 6 d before 
fruit ripening and assessment. The results affirmed a strong consistent effect of harvest time. 
‘Honey Gold’ mango fruit harvested at 1400 h and 1800 h under high temperature (37 - 40 oC) and 
low RH (38 - 40%) developed much higher USB incidence (i.e. 50 - 70%) and severity (i.e. 5 to 8-
fold higher) as compared to fruit harvested at either 2200 h or 0200 h or 0600 h. Thus, ‘Honey 
Gold’ fruit harvested at night and in the early morning are ‘commercially’ less susceptible to USB. 
The higher USB incidence in the afternoon harvest could be a stress response related to physical 
damage (viz., abrasion) and temporal harvest time (viz. concentrated volatile concentrations). In the 
experiments, natural USB was observed on areas of the fruit that had not been abraded. It is likely 
that physical damage during road freight from the Northern Territory to south-east Queensland was 
contributory. Natural USB incidence and severity on these non-abraded areas was characteristically 
less on fruit harvested at night and in the early morning as compared with those harvested in the 
afternoon (Figure 6.7). Marques et al. (2012) similarly determined that USB often appeared around 
visible physical injury sites on fruit, such as those from prolonged transport  (Marques et al., 2012). 
Likewise, the severity of sap burn injury was higher on fruit harvested at noon and in the afternoon 
than on those harvested at other times (Amin et al., 2008). Thus, afternoon-harvest combined with 
physical damage probably involving disruption of cellular integrity upon abrasion leads to more 
USB damage.  
Based on largely anecdotal evidence, it was hypothesised that the incidence and severity of USB on 
‘Honey Gold’ mango were at least partly due to effects of sap. It was considered likely that 
differences in USB incidence and severity of mango fruit across the diurnal harvest cycle could be 
associated with putative differences in sensitivity of the mango fruit skin and / or the changes in 
composition of potentially phytotoxic sap. Sap collected from afternoon-harvested fruit proved to 
cause more damage to abraded skin than sap from morning-harvested fruit, which actually caused 
no damage (Table 6.1). It was possible that higher concentrations of phytotoxic components were 
present in afternoon sap. Moreover, it was clear that spurt sap and the non-aqueous sap phase (oil 
fraction) was responsible for the damage. Thus, afternoon sap, especially afternoon spurt sap 
evidently contributes to the higher sensitivity of afternoon-harvested fruit to USB. This conclusion 
is in general agreement with sap burn studies, which showed that skin damage was mainly due to 
the upper non-aqueous phase (Loveys et al., 1992). Similarly, Maqbool et al. (2007) reported that 
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spurt sap exuded within first 15 s after removing the pedicel of fruit was the most injurious to the 
skin of fruit.  
The phytotoxic response is evidently related to individual sap components, especially 
concentrations of volatiles including terpinolene and limonene. Topical application to the fruit skin 
of terpinolene and limonene, both major components of the oil fraction, resulted in USB-like 
browning damage. In contrast, topical applications of carene and distilled water did not (Table 6.2). 
While the symptoms were not identical to USB (Figure 6.16), the potential for sap components to 
cause damage was clearly demonstrated. Terpinolene and sap upper phase also caused tissue 
damage in ‘Kensington’ mangoes, with associated subsequent enzymic browning (Loveys et al., 
1992). Anatomically, both natural (Figure 6.17 A and B) and induced USB symptoms (Figure 6.17 
E, F, G and H) featured browning around the epithelial cells that lined resin ducts, while sap 
injection gave slight browning in the epidermis (Figure 6.17 C and D). Terpenoid components of 
spurt sap are no doubt mainly responsible for the damage manifested as browning. Further work is 
required to characterise the anatomy of natural versus induced USB symptoms, such as are caused 
by sap volatiles components, and the enzymology of the browning process. 
Volumes of ‘Honey Gold’ whole sap ranged from 0.3 to 0.9 ml/fruit over the diurnal harvest cycle. 
By comparison, O'Hare (1994) estimated sap volumes exuded from ‘Kensington Pride’ fruit of 
around 1.67 ml/fruit. The volumes of the non-aqueous and aqueous phases at 1400 h and 1800 h 
were considerably (P≤0.05) lower than were those collected at other harvest times. In an earlier 
study, Maqbool et al. (2007) also reported lower sap volumes related to afternoon harvest. 
However, there was no significant difference (P>0.05) in relative proportions of non-aqueous and 
aqueous sap phases over the diurnal harvest cycle (Figure 6.9). This means that both phases became 
more concentrated at the same time.   
Harvest time also affected the concentrations of aroma volatile compounds in mango fruit sap. Key 
aroma volatile compounds, including 2-carene, 3-carene, α-terpinene, p-cymene, limonene and α-
terpinolene were more concentrated in sap from fruit at 1400 h as compared with sap from early 
morning and night harvests (Figures 6.10 and 6.13). Terpinolene was the most abundant compound 
in the whole sap and non-aqueous phase of ‘Honey Gold’ fruit. Terpinolene in non-aqueous sap was 
4-6 times higher in fruit harvested in the afternoon than in those picked at other harvest times 
(Figure 6.14). This ‘peaking’ was associated with the higher USB susceptibility of fruit harvested at 
1400 h. Under high temperatures and low RH, it is likely that all cells of the afternoon-harvested 
fruit decreased in water content (Link et al., 1998; Schroeder and Wieland, 1956). This response 
would concentrate aroma compounds within the sap. The apoplasmic water potential gradient is 
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correlated with the laticifer and leaf turgor pressure in water-stressed plants (Downton, 1981; 
Milburn et al., 1990). Reduced sap flow into the tomato fruit is related to water potential gradient 
between fruit and stem (Johnson et al., 1992). Thus, harvesting in the afternoon is likely to increase 
‘Honey Gold’ fruit susceptibility to USB because of higher phytotoxic volatile components 
especially in the non-aqueous phase of the fruit sap (Figure 6.18).    
 
Figure 6.18 A model representing the effects of diurnal harvest cycle and sap components on USB 
development in ‘Honey Gold’ mango fruit. The arrows mean ‘related with’. 
6.5 Conclusion 
This study demonstrated that harvesting at night or early morning increases ‘Honey Gold’ fruit 
resistance to USB. Delaying for 24 h before cooling enhanced the incidence and severity of normal 
USB in the afternoon-harvested fruit. One of the contributing factors towards more USB in 
afternoon-harvested fruit is a concomitant increase in “aggressive” volatile components in sap from 
these fruit. It is clear that harvest time is an important quality enhancer for ‘Honey Gold’ mango 
fruit. Overall, these results support practise change from conventional afternoon to night and early 
morning harvesting of ‘Honey Gold’ mango fruit to reduce the incidence and severity of USB. 
Added benefits from night and early morning harvesting include less physiological stress on mango 
pickers because of relatively lower field heat temperatures and lessened fruit respiration rates by 
virtue of lower ambient fruit temperatures. As night and early morning harvesting offers a 
tremendous opportunity to prevent USB on fruit and improve the quality of ‘Honey Gold’ mango in 
coming seasons, the grower would be encouraged to adopt this practice. 
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CHAPTER 7. COMPARATIVE ANATOMY AND ENZYMATIC BROWNING 
OF UNDER-SKIN BROWNING AND RESIN CANAL DISORDER   
Abstract 
Under-skin browning (USB) and resin canal disorder (RCD) are two fruit browning disorders of 
concern to the Australian mango industry. USB is a sub-surface spreading grey-brown lesion that 
may only become evident in the marketplace. RCD is a dark brown discolouration of the finely 
branched pattern of ramifying sub-surface resin canals. These two browning disorders were 
compared and contrasted at the macroscopic and microscopic levels. USB symptoms were evident 
as dark-brown cells in the tissue surrounding the resin ducts. In contrast, RCD was characterised by 
browning of the lumen of resin ducts. Accordingly, USB and RCD involve distinctly different cell 
biology processes at cell and tissue levels as evidence by means of light microscopy and 
transmission electron microscopy. Five different stains including iodine - potassium iodide, Sudan 
IV, Sudan Black, Vanillin - HCl and Toluidine Blue O were used to characterise the histochemistry 
of these disorders. Naturally occurring USB was distinguished by starch retention and phenolic 
deposition in cell layers surrounding the epithelial cells of resin ducts. However, only starch 
retention was observed in tissues from fruit in which USB had been induced by treatment with 
terpinolene and limonene. USB was evidently related to host defence against stress. RCD was 
distinguished by deposition of polymerised phenolics inside laticifer lumens. PPO and POD 
activities were associated with both natural USB and RCD browning. However, POD was located 
differently in both natural USB and RCD browning. Nevertheless, POD was not detected in tissue 
prints from fruit in which USB had been induced by terpinolene and limonene. The comparative 
anatomy and enzymatic expression provides better understanding of browning mechanism of USB 
and RCD expression. This knowledge would contribute to management of these disorders.  
7.1 Introduction 
USB is visible through the surface of ‘Honey Gold’ mango fruit. It occurs under the epidermis as a 
grey-brown ‘bruise-like’ injury with no damage to the flesh (Hofman et al., 2010b). The defect is 
not usually obvious at harvest. Rather, visual symptoms become pronounced as the fruit ripen. 
Expression of symptoms is reportedly associated with starch retention in affected tissues (Marques 
et al. 2012). The mechanism of and controls for USB development are unclear. USB incidence and 
severity can be diminished by delayed or slow cooling of fruit to ≥ 14 - 16 C before or after 
packing (Hofman et al., 2010b). USB often appears around visible physical injury sites on fruit, 
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such as those that result from vibration in prolonged transport (Marques et al., 2012). Thus, USB 
development is related to mechanical damage after harvest in combination with low temperatures at 
just below 14 - 16 ºC. 
The occurrence of RCD has seemingly been on the rise in the domestic Australian mango industry 
in recent seasons. The disorder primarily affects the ‘Kensington Pride’ cultivar and involves 
discolouration of the finely branched network of sub-cuticle resin canals (Holmes, 1999). It usually 
expresses itself on the distal tip and /or around the mid-region of the fruit (Holmes, 1999). Causal 
factors and mechanisms of symptom expression are as yet unknown (Macnish et al., 2014). Unlike 
with USB, there is no evidence of suppression of starch hydrolysis (Holmes, 1999).  
Mangoes contain a branching network of resin ducts distributed throughout fruit (Joel, 1980). This 
extensive duct system stores or emits resinous secretions (Joel and Fahn, 1980). Turgor pressure in 
the ducts is maintained due to the presence of large amounts of non-dialysable and non-starchy 
carbohydrate in sap (John et al., 2003). Sap in the fruit ducts is under high turgor pressure and when 
the pedicel is removed, sap initially spurts and then oozes out from the severed surface.  
Mango sap includes two phases; an oily yellow-brown non-aqueous phase and a milky aqueous 
phase (Loveys et al., 1992). Mono-terpenes (John et al., 1999) and alk(en)ylresorcinols are the main 
constituents of the non-aqueous phase (Hassan et al., 2009). The aqueous phase contains high 
amounts of polyphenol oxidase (PPO) and peroxidase (POD) (John et al., 2003). The non-aqueous 
phase, which is abundant with terpenoids, has been proposed to contribute to plant defence against 
insect attacks, such as those from fruit flies (Joel, 1980) and prevent the fruit from bacterial and 
fungal infection (Negi et al., 2002). 
Browning processes in fruit typically involve PPO and / or POD enzymes oxidising phenolic 
substrates with the presence of oxygen (Franck et al., 2007; Jiang et al., 2004). Anthocyanins are 
substrates in the oxidation process for PPO in litchi browning (Jiang et al., 2004). PPOs are mainly 
present in vacuoles and plastids (Murata et al., 1997). PODs are mostly located in chloroplasts 
(Nakano and Asada, 1981), mitochondria (Prasad et al., 1995; Toivonen and Brummell, 2008) and 
plant cell plasma membranes (Vianello and Macri, 1991). PPO and POD are active in mango skin 
and sap (John et al., 2002; Robinson et al., 1993). Robinson et al. (1993) reported that PPO in the 
skin of ‘Kensington’ mango fruit was responsible for the browning associated with sapburn injury. 
John et al. (2002) showed that PPO and POD activities in the skin of mango fruit  were associated 
with sap-burn injury.  
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There is relatively limited information on the histochemistry and enzymatic browning of USB and 
RCD disorders. USB and RCD are hypothesised to be enzymatic browning processes which are 
related to PPO and POD activities. The aim of this study was to gain more understanding of the 
comparative cellular biology of USB and RCD symptom expression in Australian mango cultivars 
at cell and tissue levels, including in relation to PPO and POD activities. In this chapter, the 
anatomy and histochemistry of USB and RCD were compared by means of binocular microscope 
observation, free-hand sectioning, light microscopy (LM) and transmission electron microscopy 
(TEM). Further anatomical comparison of natural USB and artificially induced USB was examined 
using LM and TEM . Localisation of PPO and POD in natural USB, artificially induced USB-
affected tissue and RCD was determined using tissue printing. A better understanding of the 
underlying biology of USB and RCD should help inform and improve management of these 
physiological disorders.  
7.2 Materials and methods 
7.2.1 Materials 
‘Honey Gold’ (dry matter content of 16.9 ± 1.4%) and ‘Kensington Pride’ (dry matter content of 
16.8 ± 1%) mango fruit were harvested at commercial maturity  from orchards near Katherine and 
Darwin (14.28 °S, 132.16 °E), respectively, in the Northern Territory, Australia. ‘Honey Gold’ fruit  
were de-stemmed in a solution containing 2.5 g/l Mango Wash®  (Septone, ITW AAMTech, 
Australia) for 2 min. They were then taken to a nearby commercial packing house and run over a 
pack line under standard conditions, including fungicide treatment (Sportak®, a.i. prochloraz, Bayer 
Crop Science, Australia), brushing, drying and sorting (Hofman et al., 2010a). Next the fruit were 
graded for uniform quality and size as per commercial procedures. The fruit were packed as a single 
layer in cardboard trays with semi-rigid plastic inserts. ‘Kensington Pride’ fruit were picked from 
the tree and de-stemmed without standard commercial harvest practices. They were packed directly 
into cardboard trays. All fruit were transported by car (ca. 22 oC) to the Darwin airport and then air-
freighted from the Northern Territory to Brisbane, Queensland within 1.5 d of harvest. They were 
then transported in an air-conditioned (ca. 22 °C) vehicle to the nearby postharvest laboratories in 
Brisbane or to Gatton for postharvest treatments. 
7.2.2 Treatments 
At the laboratory, trays containing ‘Honey Gold’ fruit were randomised in cardboard trays and 
placed on an EQ 21857 vibration table (RL Windsor & Son Pty Ltd., Australia) in a cold room at 12 
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± 1 C. The fruit were exposed to 12 Hz vibration for 12 h at 12 °C and 90 - 100% RH. They were 
then removed from the table and held at 12 ± 1 C for 6 d. Thereafter, the fruit were maintained at 
20 °C and 90 - 100% RH until ripe. These treatments are to simulate commercial handling and 
transport. Skin tissues displaying USB symptoms were excised for anatomical study. Additional 
‘Honey Gold’ fruit for the control treatment  were maintained at 12 C without vibration for 6.5 d 
and ripened at 20 C and 90 - 100% RH until ripe without vibration treatment. The ‘Kensington 
Pride’ fruit were also maintained under standard shelf life conditions at 20 C and 90 - 100% RH. 
Flesh and skin tissues from fruit exhibiting RCD symptoms were collected at firm (at hand firmness 
scale 1) and ripe stages for anatomical study. 
7.2.3 Comparative anatomy of USB and RCD 
7.2.3.1 Binocular microscope observation 
Rectangle skin tissues ~ 2 cm width, ~ 3 - 4 cm length displaying USB and RCD symptoms were 
removed using a sharp knife. Briefly, a cross section through a USB lesion was excised with a 
single-edge stainless-steel blade (Proscitech, Australia). For tissues affected by RCD ~ 3 - 4 mm 
depth, the underlying pulp under the skin was removed using its blunt edge of blade. These 
symptomatic tissues were photographed using a digital camera (Canon DOS40D, Canon Inc., 
Japan), and with a SZH10 research stereo microscope (Olympus, Japan) equipped with Micro 
Publisher 3.3 RTV camera (Q-Imaging, Germany). 
7.2.3.2 Free-hand sectioning 
Fruit tissues (n = 5) with and without skin browning symptoms were processed for light 
microscopy. USB on ‘Honey Gold’ fruit and RCD on ‘Kensington Pride’ fruit were compared and 
contrasted at the cellular level. Free-hand sections were cut through the excised tissues following 
the methods of Ruzin (1999a). The tissue sections were transferred onto a drop of distilled water on 
a glass microscope slide, and covered with a glass cover slip. The hand sections were viewed and 
photographed with an Olympus BX61 LM equipped with a DP 70 camera (Olympus, Japan). 
In order to better understand the histology, free-hand sections were stained with five different 
stains: 
• Iodine - potassium iodide (Biolab Australia Ltd, Australia) to stain starch after Ruzin 
(1999b): Sections were stained for 5 min with 1 g potassium iodine and 1 g iodine in 100 ml 
distilled water. 
 157 
    
• Sudan Black (Sigma, USA) to detect lipids after Ruzin (1999b): Sections were immersed in 
50% ethanol for a few seconds. They were then incubated for 5 - 10 min in freshly prepared 
Sudan Black dye solution of 0.07 g Sudan Black in 100 ml 70% ethanol. The sections were 
rinsed with 50% ethanol for 1 min. 
• Sudan IV (Proscitech, Australia) to stain ethanol-soluble lipids after Ruzin (1999b): The 
procedure was as above for Sudan Black. 
• Vanillin - HCl to stain condensed tannins after Vermerris and Nicholson (2006): Sections 
were immersed in a saturated solution of vanillin (Sigma Aldrich, China) in 90% ethanol for 
15 - 30 min. They were then placed onto a microscope slide and one drop of 9N HCl (Ajax 
Chemicals, Australia) was added. The section was immediately viewed under the 
microscope. 
Stained free-hand sections were viewed and photographed with an Olympus BX61 LM equipped 
with a DP 70 camera (Olympus, Japan). 
7.2.3.3 LM 
Tissues displaying USB and RCD symptoms were fixed in FAA solution comprised of 50 ml 95% 
ethanol, 5 ml glacial acetic acid, 10 ml 37 - 40% formalin formaldehyde and 35 ml distilled water. 
After dehydration through an increasing ethanol series of 70, 90 and 100% twice (45 min each 
change), samples were infiltrated with 100% xylene twice for 45 min each time. Samples were 
covered with paraffin wax (Leica Bio Systems, USA) at 60 oC twice for 45 min each time. Then 
samples were mounted with paraffin wax at 60 oC and embedded on Microm EC 350-2 embedding 
station (Thermo Fisher Scientific Inc., New Zealand). Serial sections 5 µm-thick sections were cut 
on a Leica RM 2245 semi-automated rotary microtome (Leica, Germany). They were de-waxed 
three times in 100% xylene (RCI Labscan, Thailand) for 2 min at each step and washed in a 100, 
100, 90 and 70 % ethanol series. The tissue sections were washed in running water for 2 min and 
distilled water for 30 s. They were stained with using 0.1% Toluidine Blue O (TBO) in 1% (w/v) 
borax. Sections were viewed and photographs were taken with an Olympus BX61 automated 
microscope (Olympus, Japan) equipped with a DP 70 camera (Olympus, Japan). 
7.2.3.4 TEM 
Samples were prepared from thin slices of mango pericarp by using a scalpel blade (Swann-
Morton®, England). They were fixed for 2 h in 2.5% glutaraldehyde (ProScitech, Australia) in 0.1M 
sodium phosphate buffer (pH 6.8) containing 1% caffeine (Merck, Germany) as described by 
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Mueller and Greenwood (1978). The fixed samples were washed for 1 h with four serial changes 
using the same 0.1M sodium phosphate buffer. 
Further sample processing for TEM was conducted in a microwave processor equipped with a 
cooler (18 °C; Pelco Biowave® 34700 Microwave with SteadyTemp™ Cooler, Ted Pella Inc., 
USA). Fixed samples were washed two times with phosphate buffer (pH 6.8) and post -fixed twice 
serially in 1% (v/v) osmium tetroxide (ProSciTech) in 0.1 M sodium cacodylate buffer (CB; pH 
7.2) for 6 min each in the microwave processor at 80 Watts and 74.5 kPa vacuum, followed by 
rinsing twice in ultrapure water. They were subsequently serially dehydrated using a 30%, 40%, 
50%, 60%, 70%, 80%, 90% and twice in 100% ethanol series for 3 min per step (150 Watts, 
without vacuum). The dehydrated samples were infiltrated in LR White resin (Medium grade, 
ProSciTech) using a 1:3, 1:2, 1:1, 2:1, 3:1, 1:1 resin to ethanol and 100% resin series for 6 min in 
each step in the microwave processor (150 Watts, vacuum). Samples were changed to pure resin 
and rotated overnight in a BenchRockerTM 3D rotator (Benchmark Scientific Inc., Taiwan) followed 
by 30 min of infiltration at 150 Watts under high vacuum in a microwave processor with pure resin. 
They were then embedded in pure LR White resin, placed into 0.4 ml capacity gelatin capsules and 
polymerized in an oven (Axycs, Australia) at 60 oC for 24 h. 
Semi-thin and thin sections were cut on a Leica EM UC6 Ultracut ultramicrotome (Leica, Austria). 
Semi-thin sections at 0.5 μm were placed onto glass microscope slides and stained with 0.5% 
Toluidine Blue in 1% (w/v) borax (Sigma-Aldrich, Australia). The sections were observed with an 
Olympus BX61 LM equipped with a DP 70 camera (Olympus, Japan). Thin sections were cut us ing 
a Diamond knife (Diatome, Switzerland) and placed onto Formvar™ coated glow discharged 
copper grids (200 square mesh; ProSciTech). They were stained with 5% uranyl acetate in 50% 
ethanol and in lead citrate (Reynold’s lead stain, ProSciTech) for 30 s each. The samples were 
observed in a JEM 1010 transmission electron microscope (JEOL, Japan) at 80 kV accelerating 
voltage.  Images were captured on a SIS Veleta digital camera using iTEM ® software (Olympus 
Soft Imaging Systems, Germany). 
7.2.4 Effects of non-aqueous fraction of sap on USB development 
Fruit tissues (n = 3) with and without natural USB and induced USB symptoms induced by 
terpinolene and limonene (Chapter 6) were also prepared for further anatomical study. 
7.2.4.1 Further anatomical comparison by LM of natural USB and induced USB symptoms  
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The unstained free-hand sections were prepared as per section 7.2.3.2. As above, iodine - potassium 
iodide (IKI) solution was used to characterise starch retention. 
7.2.4.2 Further anatomical comparison of natural USB and induced USB symptoms using TEM 
Fruit tissues (n = 3) were prepared for TEM as per section 7.2.3.5. 
7.2.5 Localisation of polyphenol oxidase (PPO) and peroxidase (POD) in USB and RCD 
browning 
Detection of PPO within the mango peel was investigated using a tissue printing method described 
by Melberg et al. (2009). Exposed faces of mango peel were made with a single-edge stainless-steel 
blade (Proscitech, Australia). The exposed surface was pressed gently for 1 min onto water-
moistened nitrocellulose filter paper (Whatman GmbH, Germany). The tissue prints were then 
dipped into the PPO substrate solution for 5 min. The PPO substrate solution was made using 1 mM 
catechol (Sigma, Australia), 1 mM 3-methyl-2-benzo-thiazolinone hydrazone (MBTH) (Sigma, 
Australia) and 50 mM ascorbic acid (BDH Chemicals, Australia) in 50 mM phosphate buffer (pH 
6.5), containing 2% (v/v) N,N-dimethylformamide (DMF) (Sigma, Australia). The membranes were 
next imaged under a Leica EZ4HD LM with an integrated camera (Leica, Singapore). Pink or red 
pigment on the paper indicated the location of PPO activity. 
POD detection within the mango peel was also determined following the methods of Melberg et al. 
(2009). Exposed faces of mango peel were made with a single-edge stainless-steel blade 
(Proscitech, Australia). The exposed surfaces were pressed onto water-moistened nitrocellulose 
paper (Whatman GmbH, Germany) for 1 min. Then, the prints on the nitrocellulose paper were 
incubated for 1 min in a solution of 1-Step™ chloronaphthol solution (Thermo Scientific, USA) 
containing 100 µl of 3% hydrogen peroxide (Fluka Analytical, Switzerland) for every 50 ml of 
solution. The membranes were imaged under Leica EZ4HD LM (Leica, Singapore). Blue pigment 
on the paper indicated the location of POD activity.  
7.3 Results 
7.3.1Comparative anatomy of USB and RCD 
7.3.1.1 Macroscopic observations 
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USB symptoms 
USB is a visible diffuse browning symptom under the epidermis of the fruit surface (Figure 7.1). 
USB-affected areas are beneath the epidermal layer (Figure 7.3A). 
 
Figure 7.1 Natural USB symptoms on a ‘Honey Gold’ mango fruit. 
RCD symptoms 
RCD appears as a network of dark grey or brown branched black streaks and associated diffuse 
discolouration within the skin and pulp of mango fruit (Figure 7.2). Under the epidermis, white 
‘fibres’ inside and along the brown canal may be exhibited (Figure 7.3B). 
  
 
 
Figure 7.2 Symptoms of RCD on a ‘Kensington Pride’ mango fruit. (A, C) Dark traces of finely  
branched resin canals in the skin. (B, D)  Discoloured resin canals (RC) in the outer flesh layers. 
RC, resin canal; RCD, resin canal disorder. 
USB 
R 
are
a 
C D 
RCD 
RC 
A B 
RCD RCD 
 161 
    
  
Figure 7.3 Comparative cross-sections of USB on ‘Honey Gold’ (A) and RCD on ‘Kensington 
Pride’ mango fruit (B). USB, under-skin browning; RCD, resin canal disorder. Scale bars = 200 μm. 
7.3.1.2 Free-hand section observations 
USB symptoms 
  
  
Figure 7.4 Hand sections of control and USB-affected tissues in ‘Honey Gold’ mango fruit skin. (A) 
Transverse section (TS) through control tissue showing no browning beneath the epidermis. (B) TS 
through control tissue showing no browning around resin ducts. (C) TS through USB-affected skin 
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tissue showing discolouration beneath the epidermis. (D) TS through dark-brown cells surrounding 
resin ducts. c, cuticle; rd, resin duct; e, epithelial cells; USB, under-skin browning. Scale bars = A, 
C, 100 μm; B, D, 20 μm. 
In transverse section (TS), no browning was observed in sections through healthy, non-
asymptomatic fruit tissues (Figure 7.4A and B). Cross sections through the fruit surface (Figure 
7.4C) covering cuticle, epidermal and hypodermal cell layers in a severely USB-damaged area 
showed that symptoms were localised to tissues under the epidermis. Discolouration was not 
associated with the cuticle. USB-affected areas beneath the epidermal layer were dark brown to 
black and spread along resin ducts. A TS through USB-affected tissues showed dark brown cells 
immediately around epithelial cells that lined resin ducts (Figure 7.4D). 
RCD symptoms 
  
  
Figure 7.5 Hand sections of control and RCD-affected tissues in ‘Kensington Pride’ mango fruit 
skin. (A) Transverse section (TS) through control tissue showing no browning beneath the 
epidermis. (B) TS through control tissue showing no browning of the lumen of resin ducts. (C) TS 
through RCD-affected tissue showing discolouration beneath the skin. (D) TS through RCD-
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affected tissues showing browning localised to the lumen of resin ducts. c, cuticle; rd, resin duct; 
RCD, resin canal disorder. Scale bars = A, 50 μm; B, D, 20 μm; C, 100 μm. 
There was no browning of the cuticle in sections of RCD-affected tissues (Figure 7.5 C). RCD-
affected areas were beneath the skin. Affected areas extended over much (e.g. > 90 %) of the 
surface of the fruit. Beneath the epidermis, many brown branched canals were visible in RCD-
affected regions. The colour of canals exhibiting RCD symptoms was more brown than black. In 
TS, the browning was confined to the lumen of resin ducts of affected tissue (Figure 7.5D). 
Asymptomatic control fruit showed no such damage (Figure 7.5A and B). 
7.3.1.3 Histochemical observations 
USB symptoms 
The granules were strongly distributed and concentrated inside the cells immediately surrounding 
the epithelial cells of resin ducts by TBO (Figure 7.6B). As shown by starch iodine staining, there 
was retention of starch granules within sections of USB-damaged fruit cells (Figure 7.7B). No 
granules were observed in control samples (Figure 7.6A) such that no starch granules were present 
in cells surrounding resin duct epithelial cells (Figure 7.7A).  
  
Figure 7.6 Paraffin wax embedded sections of control and USB-affected tissues in ‘Honey Gold’ 
mango fruit skin as stained by TBO. (A) Stained TS through a resin duct in a control tissue showing 
wherein no granules are present in epithelial cells that line the resin ducts. (B) Stained TS through a 
resin duct in USB-affected skin tissue showing granules inside the cells immediately surrounding 
the epithelial cells of resin ducts. rd, resin duct; e, epithelial cells; Gra, granules. Scale bars = A, B, 
20 μm. 
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Figure 7.7 Histochemical images of control (A, C, E and G) and USB-affected tissues (B, D, F and 
H) in ‘Honey Gold’ mango fruit skin. (A, B) Staining of starch using IKI. (A) IKI stained control 
tissue showing no starch granules in cells surrounding the epithelial cells that bound the resin duct. 
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(B) IKI stained USB-affected tissues showing starch granules stained purple in cells around the 
epithelial cells that line the resin duct. (C, D) Staining of cuticle or lipids using Sudan IV showing 
the cuticle stained red. The control and USB-affected sections did not otherwise stain with Sudan 
IV. (E, F) Staining of lipids using Sudan Black. Neither control nor USB-affected sections stained 
with Sudan Black. (G, H) Staining for phenolics using Vanillin - HCl. Control tissue sections did 
not stain with Vanillin - HCl. It is likely that USB-affected sections stained slightly with Vanillin - 
HCl. c, cuticle; e, epithelial cells; Ep, epidermis, Li, lipid; rd, resin duct; Sta, starch granules; USB, 
under-skin browning. Scale bars = A, B, C, E, F, 20 μm; D, G, H, 50 μm. 
For tissues treated with Sudan IV, an apparent presence of lipids as stained red was common for the 
cuticle in both control and USB-affected regions (Figure 7.7C, D). Similarly, control and USB-
affected tissue samples did not differentially stain with either Sudan Black (Figure 7.6E-F). This 
suggests that potential deposition of defence-associated lipids, like suberin, cutin, and tannins were 
absent. Control tissues did not stain with Vanillin - HCl (Figure 7.6G). In contrast, USB-affected 
tissues stained slightly with Vanillin - HCl (Figure 7.6H). However, the staining was not very clear. 
These observations suggest further anatomical observation using TEM should be conducted.   
RCD symptoms 
  
Figure 7.8 Paraffin wax embedded sections of control and RCD-affected tissues in ‘Kensington 
Pride’ mango fruit skin. (A) Stained TS through resin ducts of control tissue showing no phenolics 
inside the resin duct lumen. (B) Stained TS through RCD-affected tissues showing phenolics 
present inside the lumen of resin ducts. c, cuticle; e, epithelial cells; P, phenolics; rd, resin duct; 
RCD, resin canal disorder. Scale bars = A, B, 50 μm. 
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Figure 7.9 Histochemistry of control (A, C, E and G) and RCD-affected tissues (B, D, F and H) in 
‘Kensington Pride’ mango fruit skin. (A, B) Staining of starch using IKI. The control and USB-
affected sections did not stain with IKI. (C, D) Staining of cuticle or lipids using Sudan IV. The 
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cuticle stained red with Sudan IV. The control and USB-affected sections did not stain with Sudan 
IV. (E, F) Staining of lipids using Sudan Black. The control and USB-affected sections did not stain 
with Sudan Black. (G, H) Staining of phenolics using vanillin - HCl. (G) Vanillin - HCl stained 
control sample showing phenolics are absent in the resin duct lumen. (H) Vanillin - HCl staining of 
RCD-affected tissues showing phenolics present inside lumen of resin ducts. rd, resin duct; RCD, 
resin canal disorder; e, epithelial cells. Scale bars = A, B, C, E, F, 20 μm; D, G, H, 50 μm. 
In contrast with Vanillin - HCl, browned areas inside resin ducts of the RCD-affected area stained 
green by TBO. This observation indicates that phenolics were present inside the central cavity 
(lumen) of RCD-affected resin ducts (Figure 7.8B). TBO staining of the control tissue showed that 
the phenolics were, by contrast, absent in the resin duct lumen (Figure 7.8A). 
Neither control nor RCD-affected sections stained in response to treatment with IKI such that there 
was no differential starch retention (Figure 7.9A, B). Similarly, the control and RCD-affected 
section did not stain with Sudan IV and Sudan Black, implying no lipids, such as suberin and cutin, 
in the tissue sections (Figure 7.9C-F). The lumen of resin ducts in the control sample showed no red 
colour when stained with the Vanillin - HCl reagent (Figure 7.9G). This lack of histochemical 
staining suggested that there were no phenolics inside the lumen of control tissue sections. The 
lumen was intensively coloured red by the Vanillin - HCl reagent, suggesting the presence of 
phenolics (tannins) inside the resin duct of RCD-affected regions (Figure 7.9H). 
7.3.1.4 Transmission electron microscopy 
USB symptoms 
TEM imaging revealed the ultrastructure of unripe control fruit cells and their components, 
including cell wall, nucleus, cytoplasm and cell organelles (Figure 7.10A). There was deposition of 
starch in mango parenchyma cells of unripe fruit (Figure 7.10B). Nonetheless, there was no 
evidence of starch granules in ripe healthy control fruit (Figure 7.10C). Starch granules were, 
however, distributed in the cytoplasm of USB-affected cells (Figure 7.10D).  
Relative to the control (Figure 7.10E), electron-dense material was observed in the cell wall of 
USB-affected cells (Figure 7.10D, F). The presence of electron-dense materials was also evident in 
the junction between two epithelial cells and the cell wall of epithelial cells in the USB-affected 
regions (Figure 7.11D, F). No such electron-dense materials were evident in control tissues (Figure 
7.11C, E).  
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Figure 7.10 TEM of healthy green mature (A, B), ripe control (C, E) and ripe USB-affected cells 
(D, F) in ‘Honey Gold’ mango fruit skin. (A) A normal cell showing organelles in the cytoplasm 
(B). A control cell wherein no starch granules are present in the cytoplasm. (C) A control cell 
wherein no starch retention and phenolic deposition are present. (D) Starch retention and phenolic 
deposition present in USB-affected cell. Starch granules were partly degraded and present around 
epithelial cells. (E) No such electron-dense material in the cell wall in the control. (F) Electron-
dense material evident in the cell wall of USB-affected cells. The phenolics were diffuse. cw, cell 
wall; c, cuticle; Cyt, cytoplasm; de sta, degraded starch; ED, electron-dense material; e, epithelial 
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cells; P, phenolics; rd, resin duct; Sta, starch granules. Scale bars = A, B, 5 μm; C, D, 2 μm; E, F, 1 
μm.  
  
  
  
Figure 7.11 TEM of resin ducts of ripe control (A, C and E) and ripe USB-affected regions (B, D 
and F) in ‘Honey Gold’ mango fruit skin. (A) A control resin duct showing no phenolic deposition 
in the epithelial cells. (B) The resin duct of USB-affected region showing phenolic deposition in the 
epithelial cells. (C) No such electron-dense materials were found in the junction between two 
epithelial cells of control tissue sections (D) Electron-dense materials were present in the junctions 
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between two epithelial cells of USB-affected region. (E) No such electron-dense material was found 
in the cell wall of epithelial cells in the control tissue sections. (F) There was electron-dense 
material in the cell wall of epithelial cells in the USB-affected region. cw, cell wall; ED, electron-
dense material; e, epithelial cells; j, junction between two epithelial cells; P, phenolics; rd, resin 
duct. Scale bars = A, B, 2 μm; C, D, F, 500 nm; E, 200 nm. 
Phenolics were evident in cells in USB-affected regions. Epithelial cells surrounding resin ducts of 
healthy (Figure 7.11A) and USB-affected (Figure 7.11B) tissues were characterised. Phenolics 
appeared as bodies of various sizes from 0.1 to 1 µm in epithelial cells that lined the resin ducts of 
USB-affected regions (Figure 7.11B). Epithelial cells of healthy control tissue showed no such 
phenolic deposition (Figure 7.11A). The electron-dense caffeine-fixed phenolic deposits had a 
diffuse, granular shape (Figure 7.10D, F).  
RCD symptoms 
For tissues affected by RCD, electron-dense materials were evident inside the lumens of resin ducts 
(Figure 7.12B). Healthy asymptomatic fruit showed no such materials (Figure 7.12A, E). This 
suggested polymerised phenolic deposition inside the lumen in RCD-affected regions.  
More electron-dense materials were observed in the epithelial cells of RCD-affected areas (Figure 
7.12D) as compared to healthy control tissues (Figure 7.12C). Phenolic deposition inside the lumen 
of resin ducts took the form of a network of many globe-shaped granules (Figure 7.12F). 
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Figure 7.12 TEM of cells of control (A, C and E) and RCD-affected tissues (B, D and F) in 
‘Kensington Pride’ mango fruit skin. (A) A normal tissue showing no phenolic deposition inside the 
lumen of resin ducts. (B) USB-affected region showing phenolic deposition inside the lumen of a 
resin duct. (C) A normal tissue showing no phenolic dep osition inside the lumen of a resin duct and 
no dense materials in the junction of epithelial cells. (D) USB-affected region showing polymerised 
phenolic deposition inside the lumen and dense materials in the epithelial cells. (E) The control 
lumens showing phenolics were absent. (F) The lumen of the RCD-affected region showing 
polymerised phenolics was present. cw, cell wall; e, epithelial cells; IM, impenetrable materials; P, 
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phenolics; PPD, polymerised phenolic deposition; rd, resin duct. Scale bars = A, B, 5 μm; C, D, 2 
μm; E, F, 200 nm. 
7.3.2 Effects of the non-aqueous sap fraction on USB development 
7.3.2.1 Further anatomical comparison of natural USB and induced USB symptoms by LM 
  
  
Figure 7.13 LM images of control (A), natural USB (B) and induced USB symptoms by terpinolene 
(C) and limonene (D) in ‘Honey Gold’ mango fruit skin stained by IKI. (A) IKI stained control 
showing no starch granules present surrounding resin duct epithelial cells. (B) IKI stained USB-
affected tissues showing starch granules that stained purple in cells around resin duct epithelial 
cells. (C) IKI stained induced USB symptoms induced by terpinolene injection showing starch 
granules that stained purple in cells around the epithelial cells that line the resin duct. (D) IKI 
stained induced USB symptoms induced by limonene injection showing starch granules in cells 
surrounding resin duct epithelial cells. rd, resin duct; Sta, starch granules; USB, under-skin 
browning. Scale bars = A, B, C, D, 20 μm. 
USB symptoms were induced by treatment of ‘Honey Gold’ mango fruit skin with terpinolene and 
limonene as described in Chapter 6. Healthy control fruit showed no starch retention in cells 
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surrounding the epithelial cells that lined resin ducts (Figure 7.13A). In contrast, IKI staining 
revealed more extensive starch retention in cells surrounding the epithelial cells of tissues  in which 
USB was induced (Figure 7.13C) as compared to natural USB (Figure 7.13B).  
  
  
Figure 7.14 LM images of control (A), natural USB (B), induced USB symptoms by terpinolene (C) 
and limonene (D) in ‘Honey Gold’ mango fruit skin stained by  TBO. (A) TBO stained control 
tissue showing no granules was present in the epithelial cells that line the resin duct. (B) TBO 
stained natural USB-affected tissues with bright white and dark granules present around the resin 
duct epithelial cells. (C) TBO stained induced USB symptoms induced by terpinolene injection 
showing that bright white granules were visible surrounding the epithelial cells that line the resin 
duct. (D) TBO stained induced USB symptoms induced by limonene injection showing bright white 
granules were present surrounding the epithelial cells. bg, bright granules; dg, dark granules; e,  
epithelial cells; rd, resin duct; USB, under-skin browning. Scale bars = A, B, C, D, 20 μm.  
LM imaging of control asymptomatic tissue sections stained with TBO affirmed that no granules 
were present in epithelial cells that line the resin duct (Figure 7.14A). Cross sections of natural 
USB-affected regions showed two types of granules; bright white and dark black, in cells around 
the epithelial cells (Figure 7.14B). TBO stained sections of tissues in which USB had been induced 
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showed only bright white spherical granules in cells surrounding resin duct epithelial cells (Figure 
7.14C-D). No dark granules were found in the induced USB symptoms in cells around the epithelial 
cells. In view of this difference, further anatomical comparison might ideally be conducted to 
provide better histological understanding of natural USB and induced USB symptoms. 
7.3.2.1 Further anatomical comparison of natural USB and induced USB symptoms by TEM 
  
  
Figure 7.15 TEM of control (A, B), natural USB (C, D) and induced USB symptoms by terpinolene 
(E, F) and limonene (G, H) on ‘Honey Gold’ mango fruit. (A, B) A normal cell wherein no starch 
retention and phenolic deposition are present. (C, D) A natural USB-affected cell showing starch 
retention and phenolic deposition inside the cytoplasm. Starch granules were partly degraded. (E) 
An induced USB-affected cell by terpinolene showing only the starch retention in the cytoplasm. 
No phenolic deposition was found in the induced USB-affected cell. (F) Presence of electron-dense 
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material in the cell wall of induced USB-affected cell by terpinolene. (G) An induced USB-affected 
cell by limonene showing starch retention only in the cytoplasm. (H) Presence of electron-dense 
material in the cell wall of induced USB-affected cell by terpinolene.  cw, cell wall; Cyt, cytoplasm; 
de sta, degraded starch; ED, electron-dense material; P, phenolics; rd, resin duct; Sta, starch 
granules. Scale bars = A, C, E, G, 5 μm; B, D, F, H, 2 μm. 
  
  
Figure 7.15 (Continued).   
There was no starch retention and phenolic deposition in cells surrounding the epithelial cells from 
ripe control fruit (Figure 7.15A-B). Phenolics and starch granules were abundant in the natural 
USB-affected region (Figure 7.15C-D). However, some starch granules were partly degraded. There 
was also starch retention in sections through tissue in which USB had been induced by terpinolene 
and limonene. The starch granules were still evident after fruit had ripened (Figure 7.15E-H). 
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Control healthy sections showed no electron-dense material in the cell wall (Figure 7.16A). In 
contrast, the natural USB sections showed the presence of electron-dense material in the cell wall of 
cells surrounding the epithelial cells (Figure 7.16B). In tissues in which USB had been induced by 
terpinolene and limonene, similar electron-dense materials were observed in the cell wall of cells 
surrounding the epithelial cells (Figure 7.16C-D). 
  
  
Figure 7.16 TEM of cell wall of control (A), natural USB (B), induced USB symptoms by 
terpinolene (C) and limonene (D) on ‘Honey Gold’ mango fruit. (A) A control cell showing no 
electron-dense material in the cell wall. (B) A natural USB-affected cell showing the indication of 
electron-dense material in the cell wall. (C) An induced USB-affected cell by terpinolene showing 
the presence of electron-dense material in the cell wall. (D) Similar electron-dense material was 
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found in the cell wall of the induced USB-affected cell by limonene. cw, cell wall; ED, electron-
dense material. Scale bars = A, B, C, D, G, 500 nm.  
7.3.3 Localisation of PPO and POD by tissue printing 
7.3.3.1 USB 
Tissue prints of healthy control samples stained bright pink in colour (Figure 7.17A) due to the 
presence of PPO. It was likely that the tissue prints from fruit expressing natural USB and induced 
USB symptoms showed a darker pink colour as compared to the healthy control tissue (Figure 
7.17B-D). PPO apparently more strongly stained in the natural USB and induced USB tissue 
sections as compared to healthy fruit tissue section. PPO enzyme activity was generally distributed 
throughout the sections, but was not located inside resin ducts.  
  
  
Figure 7.17 PPO localisation in control (A), natural USB (B), and induced USB-affected tissue 
sections by terpinolene (C) and limonene (D) on ‘Honey Gold’ mango fruit. (A) A control tissue 
section showing bright pink staining. (B) A natural USB tissue section stained pink colour. The 
bright pink colour is due to the presence of PPO. (C) An induced USB section by terpinolene 
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showing the PPO activity. (D) An induced USB tissue section by limonene showing the PPO 
activity. Ep, epidermis; rd, resin duct. Scale bars = A, B, C, D, 200 μm. 
There was no visible evidence of POD activity in the section of healthy control fruit tissue (Figure 
7.18A). POD was located beneath the epidermis of the natural USB-affected region (Figure 7.18B, 
C). There was no visible evidence of POD expression in the regions showing USB symptoms 
induced by treatment with terpinolene and limonene (Figure 7.18D, E). 
  
  
 
 
Figure 7.18 POD localisation in control (A), natural USB (B), induced USB-affected tissue sections 
by terpinolene (C) and limonene (D) on ‘Honey Gold’ mango fruit. (A) A control tissue section 
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showing no visible evidence of POD activity. (B, C) A natural USB-affected tissue section stained 
dark purple. The dark purple is due to the presence of POD. (D) An induced USB-affected section 
by terpinolene showing no POD activity was present in the affected region. (E) An induced USB-
affected section by limonene showing no POD activity was present in the affected region. Ep, 
epidermis; rd, resin duct; POD, peroxidase.  Scale bars = A, B, C, D, E, 200 μm.  
7.3.3.2 RCD 
There was no visible evidence of PPO activity inside and surrounding the resin ducts of healthy 
tissue (Figure 7.19A). In contrast, PPO staining was evident in RCD-affected tissue (Figure 7.19B). 
The intensity staining of PPO which was strongly distributed around the resin ducts of RCD-
affected region characterised by darker pink colour (Figure 7.19E). Tissue prints of RCD-affected 
tissue stained dark purple in cells surrounding the resin ducts, indicating the presence of POD 
(Figure 7.19D, F). Figure 7.19G-H shows the expression of both PPO and POD activities in cells 
surrounding resin ducts of RCD-affected tissues. 
  
  
Figure 7.19 PPO and POD localisation in control (A, B) and RCD-affected tissue sections (C-H) on 
‘Kensington Pride’ mango fruit skin. (A) A control tissue section showing no visible evidence of 
PPO activity. (B) A control tissue section showing no visible evidence of POD activity. (C, E) A 
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RCD-affected tissue section stained dark pink around the resin ducts and the affected region 
indicating the presence of PPO. (D, F) A RCD-affected tissue section stained dark purple 
surrounding the resin ducts. The dark purple indicated the presence of POD. (G, H) A RCD-affected 
tissue section wherein the localisation of both PPO and POD activity surrounding the resin ducts 
presents. Ep, epidermis, rd, resin duct; POD, peroxidase; PPO, Polyphenol oxidase. Scale bars = A, 
B, C, D, E, 200 μm.  
  
 
 
Figure 7.19 (Continued).  
7.4 Discussion 
7.4.1 Anatomy and histochemistry of USB 
USB was characterised at the anatomical level by the presence of dark-brown cells that immediately 
surrounded the epithelial cells of resin ducts. Consistent with Marques et al. (2012), histochemistry 
imaging showed that starch retention in the parenchyma cells surrounding the epithelial cells of 
resin ducts was associated with USB (Figure 7.7). Nevertheless, LM histology did not reveal the 
fine structure of and within cells in USB-affected areas. Thus, it offers little information regarding 
both location within cells and granule structure. 
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TEM observations affirmed that the parenchyma cells of unripe fruit contained starch in the form of 
granules which otherwise would be converted into sugars during ripening (Figure 7.10B). Simão et 
al. (2008) reported the retention of starch in cells of unripe ‘Keitt’ mango fruit. Espinosa-Solis et al. 
(2009) showed that starch granules of ‘Tommy Atkins’ mango fruit had spherical dome shapes 
using SEM. Based on TEM imaging, the starch granules observed in ‘Honey Gold’ fruit in the 
current study were partially degraded (Figure 7.10D) in USB-affected tissues at the ripe stage. By 
contrast, starch granules were intact in the parenchyma cells of fruit tissue at green mature stage 
(Figure 7.10B). Somewhat similarly, Jacobi and Gowanlock (1995) reported that starch granules 
were located in the mesocarp of heat-treated ripe ‘Kensington’ mango fruit due to the prevention of 
enzyme activities related to carbohydrate metabolism. No starch granules were observed in the 
epithelial cells within both control and natural USB-affected tissues at the ripe stage such that there 
was no starch retention in the epithelial cells of mature-green fruit. 
In addition, phenolics were present as granular bodies of various sizes ranging from 0.1 to 1 µm 
surrounding the epithelial cells of USB-affected tissue (Figure 7.11B). Electron-dense phenolic 
materialwas found in the boundaries of the junctions and cell wall of epithelial cells in the USB-
affected areas (Figure 7.11D, F). No such electron-dense materials were observed in this region of 
control tissue sections (Figure 7.11C, E). This suggested that there was an apoplast in the cell wall. 
Jacobi and Gowanlock (1995) also noted that heat treatments of ‘Kensington Pride’ mango fruit 
caused phenolic as well as starch retention in mesocarp  parenchyma cells. Similarly, traumatic resin 
ducts in conifers with parenchyma cells in the phloem contained starch granules and phenolics 
(Krokene et al., 2008). These TEM results supported the idea that the inhibition of starch 
degradation and phenolic deposition in USB were related to the self-defence to an external stress. 
7.4.2 Anatomy and histochemistry of RCD 
In contrast to USB, RCD was distinguished by localised browning of the lumen of resin ducts. 
Histological examination revealed phenolics (tannins) inside the lumen of resin ducts in RCD-
affected epidermal tissue. TEM imaging confirmed the presence of polymerised phenolics inside 
resin duct lumen. Polyphenolic parenchyma cells containing phenolics and starch granules are 
associated with defence in many conifers (Krokene et al., 2008). Resin, produced in resin ducts, is a 
prominent defence constituent in many conifer families (Phillips and Croteau, 1999; Ruel et al., 
1998). Resin or exudate gum, synthesised in secretory ducts in cashew trees, can inhibit the 
development of some bacteria, fungi and insects (Marques et al., 1992; Miranda, 2009) It is likely 
that a combination of production factors contribute to fruit susceptibility, along with a combination 
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of postharvest factors that generate symptom expression (Macnish et al., 2014). Like USB, natural 
defence mechanisms seem to be associated with RCD development. 
7.4.3 Effects of non-aqueous fraction of sap on USB development 
The histology of LM sections from fruit in which USB had been induced by two major components 
of non-aqueous fraction (terpinolene and limonene) revealed no apparent differences as compared 
to fruit with natural USB symptoms (Figure 7.13). Nonetheless, starch granules were present 
relatively more densely in cells surrounding the epithelial cells and also distributed further from the 
resin ducts in tissues in which USB had been induced as compared to in natural USB sections. 
Preservation of starch grains in USB-affected tissue in ripe fruit was apparently due to the inhibition 
of starch degradation (Figure 7.10D). Moreover, two different types of granules, bright white and 
dark, were present in cells surrounding the epithelial cells of natural USB (Figure 7.14B). In 
contrast, there were only spherical granules in cell layers surrounding the epithelial cells of induced 
USB symptoms (Figure 7.14C-D). Further anatomical comparison by TEM should be conducted to 
provide better histological understanding of natural versus induced USB symptoms.  
TEM imaging revealed phenolics and starch granules in tissues showing natural USB (Figure 
7.15C, D).  However, only starch granules were retained in the sections of tissues in which USB 
had been induced USB. Starch grains in the induced USB tissue sections remained intact and were 
not degraded during fruit ripening (Figure 7.15E-H). Thus, high amounts of terpinolene and 
limonene (100 µl) resulted in the inhibition of starch degradation. Terpenoid compounds including 
terpinolene, 3-carene and limonene are major components of the non-aqueous fraction of mango sap 
(Loveys et al., 1992). Terpinolene and limonene possibly interfered with and/or damaged cell 
membranes leading to cell decompartmentalisation. Regarding a putative role in defence, Martin et 
al. (2002) reported that terpenoids accumulated upon induction of traumatic resin ducts using 
methyl jasmonate treatment.  
USB is seemingly a discolouration of the latex vessels, which spreads to surrounding tissues 
(Hofman et al., 2010b). It is possible that terpenoids diffuse from affected resin ducts into their 
surrounding epithelial cells and thence onto cell layers surrounding the epithelial cells. The 
reactions quite evidently retarded the starch degradation and promoted phenolic accumulation in 
parenchyma cells surrounding the epithelial cells that line resin ducts in USB-affected regions. 
(Krokene et al., 2008) considered the presence of starch granules and phenolics in parenchyma cells 
of traumatic resin ducts in conifers as defense responses against biotic or abiotic stress. Electron-
dense regions were observed in the walls of cells surrounding epithelial cells of USB and induced 
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USB symptoms. Electron-dense materials were reported by Du Plooy et al. (2006) to indicate an 
apoplastic pathway for the accumulation of phenolics in lenticel discolouration. 
 
Figure 7.20 A comparative diagrammatic model of USB and RCD development mechanisms. USB 
symptoms are visible as browning in cell layers surrounding the epithelial cells. In contrast, RCD is 
visible as browning inside resin duct lumen. The USB model in ‘Honey Gold’ mango fruit is based 
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on current findings (this chapter) and published work by Gong et al., 2001; Nakano and Asada, 
1981; Prasad et al., 1995; Toivonen and Brummell, 2008. Host tissue stress-induced 
decompartmentalisation likely occurs along with newly synthesised phenolics being added to those 
that are constitutively present. Damaged membranes of cell compartments release enzymes (e.g. 
PPOs in vacuoles and plastids, PODs in chloroplasts and mitochondria) and perhaps starch granules 
from amyloplasts into the cytoplasm. Browning enzymes are then free to oxidise phenolic substrates 
to yield brown polyphenols. The RCD model for ‘Kensington Pride’ mango fruit is based on current  
findings (this chapter). The browning is presumably polymerised phenolics inside the resin duct 
lumen (Figure 7.8). PPO and POD are evidently involved in RCD development (Figure 7.19). POD 
activity was mainly distributed in cells surrounding the lumen (Figure 7.19). Red slash, membrane 
disruption; POD, peroxidase; and, PPO, polyphenol oxidase. 
7.4.4 Localisation of PPO and POD on USB and RCD browning 
Tissue printing showed higher PPO levels in tissues from fruit with natural and induced USB 
symptoms as compared to the controls (Figure 7.17). Thus, involvement of PPO activity was 
attributed to development of USB symptoms. However, POD activity was only detected in fruit 
with natural USB. It appeared beneath the epidermis of the natural USB-affected regions. No POD 
activity was detected by tissue printing in tissues in which USB had been induced USB-affected 
tissue. A possible explanation is that host defence against stress-induced decompartmentalisation 
process increased phenolics in affected tissues (Figure 7.20). PPOs are mainly distributed in 
vacuoles and plastids (Murata et al., 1997). PODs are mostly found in chloroplasts (Nakano and 
Asada, 1981), mitochondria (Prasad et al., 1995; Toivonen and Brummell, 2008) and plant cell 
plasma membranes (Vianello and Macri, 1991). It was likely that the membranes of cell 
components such as vacuoles, plastids, chloroplasts and mitochondria were damaged through the 
physical and cold stress, so these PPOs and PODs were released in the cytoplasm. PPO and / or 
POD enzymes could then oxidise phenolic substrates to induce the browning.  
PPO and POD activities were evidently associated with RCD browning in ‘Kensington Pride’ 
mangoes (Figure 7.19B). POD activity was mainly distributed in cell layers and epithelial cells 
surrounding the lumen of resin ducts (Figure 7.20). Somewhat similarly, John et al. (2002) found 
PPO and POD in the peel as the primary enzymes involved in browning that was associated with 
mango sap-burn injury. Thipyapong et al. (2004) reported increased PPO activity was correlated 
with the stress defence reaction in tomato. Accordingly, increased PPO and POD activities likely 
contributed to stress-related defence response browning of USB and RCD. 
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7.5 Conclusion 
In short, USB and RCD evidently involve different cell biology processes. USB was associated 
with the starch retention and phenolic deposition in cells surrounding the epithelial cells of resin 
ducts through the apoplast in the cell wall. RCD involved polymerised phenolic deposition inside 
the lumen of resin ducts. Both PPO and POD activities contributed to oxidative browning in USB 
and RCD. This comparative study at the anatomical level contributes to better understanding of the 
browning mechanism for USB and RCD symptom expression. This improved knowledge should 
inform formulation of pre- and /or postharvest practices to lessen and ideally eliminate these 
disorders. 
References 
Du Plooy, G.W., Van Der Merwe, C.F., Korsten, L., 2006. Lenticel discolouration in mango 
(Mangifera indica L.) fruit - a cytological study of mesophyll cells from affected tissue. Journal of 
Horticultural Science & Biotechnology 81, 869-873. 
Espinosa-Solis, V., Jane, J., Bello-Perez, L., 2009. Physicochemical characteristics of starches from 
unripe fruits of mango and banana. Starch - Stärke 61, 291-299. 
Franck, C., Lammertyn, J., Ho, Q.T., Verboven, P., Verlinden, B., Nicolaï, B.M., 2007. Browning 
disorders in pear fruit. Postharvest Biology and Technology 43, 1-13. 
Hassan, M.K., Irving, D.E., Dann, E.K., Coates, L.M., Hofman, P.J., 2009. Sap properties and 
alk(en)ylresorcinol concentrations in Australian-grown mangoes. Annals of Applied Biology 154, 
419-419. 
Hofman, P.J., Marques, J.R., Taylor, A.H., Stubbings, B.A., Ledger, S.N., Jordan, R.A., 2010a. 
Development of best practice pre- and postharvest of 'B74‘ mango fruit: Phase II. Final report 
MG06005, Horticulture Australia Ltd., Sydney, Australia. 
Hofman, P.J., Marques, J.R., Taylor, L.M., Stubbings, B.A., Ledger, S.L., Jordan, R.A., 2010b. 
Skin damage to two new mango cultivars during irradiation and cold storage. Acta Horticulturae 
877, 475-481. 
Holmes, R.J., 1999. Mango skin browning. Horticultural Research and Development Corporation, 
Gordon, N.S.W. 
 186 
    
Jacobi, K.K., Gowanlock, D., 1995. Ultrastructural studies of 'Kensington' mango (Mangifera 
indica Linn.) heat injuries. HortScience 30, 102-103. 
Jiang, Y., Duan, X., Joyce, D., Zhang, Z., Li, J., 2004. Advances in understanding of enzymatic 
browning in harvested litchi fruit. Food Chemistry 88, 443-446. 
Joel, D.M., 1980. Resin ducts in the mango fruit: A defence system. Journal of Experimental 
Botany 31, 1707-1718. 
Joel, D.M., Fahn, A., 1980. Ultrastructure of the resin ducts of Mangifera indica L. 
(Anacardiaceae). 3. Secretion of the protein-polysaccharide mucilage in the fruit. Annals of Botany 
46, 785-790. 
John, K.S., Bhat, S., Rao, U.P., 2002. Involvement of peroxidase and polyphenol oxidase in mango 
sap‐injury. Journal of Food Biochemistry 26, 403-414. 
John, K.S., Bhat, S., Rao, U.P., 2003. Biochemical characterization of sap (latex) of a few Indian 
mango varieties. Phytochemistry 62, 13-19. 
Krokene, P., Nagy, N., Krekling, T., 2008. Traumatic resin ducts and polyphenolic parenchyma 
cells in conifers, In: Schaller, A. (Ed.), Induced Plant Resistance to Herbivory. Springer 
Netherlands, pp. 147-169. 
Loveys, B.R., Robinson, S.P., Brophy, J.J., Chacko, E.K., 1992. Mango sapburn - components of 
fruit sap and their role in causing skin damage. Australian Journal of Plant Physiology  19, 449-457. 
Macnish, A., McConchie, C., Hofman, P., Joyce, D.C., T., 2014. Towards identifying factors that 
contribute to mango resin canal discolouration. Mango Matters 14, 9-12. 
Marques, J.R., Hofman, P.J., Giles, J.E., Campbell, P.R., 2012. Reducing the incidence of under-
skin browning in 'Honey Gold' mango (Mangifera indica L.) fruit. The Journal of Horticultural 
Science and Biotechnology 87, 341-346. 
Marques, M.R., Albuquerque, L.M.B., Xavier-Filho, J., 1992. Antimicrobial and insecticidal 
activities of cashew tree gum exudate. Annals of Applied Biology 121, 371-377. 
 187 
    
Martin, D., Tholl, D., Gershenzon, J., Bohlmann, J., 2002. Methyl jasmonate induces traumatic 
resin ducts, terpenoid resin biosynthesis, and terpenoid accumulation in developing xylem of 
Norway spruce stems. Plant Physiology 129, 1003-1018. 
Melberg, A.R., Flurkey, W.H., Inlow, J.K., 2009. Tissue printing to visualize polyphenol oxidase 
and peroxidase in vegetables, fruits, and mushrooms. Biochemistry and Molecular Biology 
Education 37, 92-98. 
Miranda, R.L., 2009. Cashew tree bark secretion–perspectives for its use in protein isolation 
strategies. Open Glycoscience 2, 16-19. 
Mueller, W., Greenwood, A., 1978. The ultrastructure of phenolic-storing cells fixed with caffeine. 
Journal of Experimental Botany 29, 757-764. 
Murata, M., Tsurutani, M., Hagiwara, S., Homma, S., 1997. Subcellular location of polyphenol 
oxidase in apples. Bioscience, Biotechnology, and Biochemistry 61, 1495-1499. 
Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in 
spinach chloroplasts. Plant and Cell Physiology 22, 867-880. 
Negi, P., John, S., Rao, P., 2002. Antimicrobial activity of mango sap. European Food Research and 
Technology 214, 327-330. 
Phillips, M.A., Croteau, R.B., 1999. Resin-based defenses in conifers. Trends in Plant Science 4, 
184-190. 
Prasad, T.K., Anderson, M.D., Stewart, C.R., 1995. Localization and characterization of 
peroxidases in the mitochondria of chilling-acclimated maize seedlings. Plant Physiology 108, 
1597-1605. 
Robinson, S.P., Loveys, B.R., Chacko, E.K., 1993. Polyphenol oxidase enzymes in the sap and skin 
of mango fruit. Australian Journal of Plant Physiology 20, 99-107. 
Ruel, J.J., Ayres, M.P., Lorio, J., Peter L, 1998. Loblolly pine responds to mechanical wounding 
with increased resin flow. Canadian Journal of Forest Research 28, 596-602. 
Ruzin, S.E., 1999a. Chapter 10 Microtechnique notes and problem solving, Plant microtechnique 
and microscopy. Oxford University Press, New York, pp. 137-143. 
 188 
    
Ruzin, S.E., 1999b. Chapter 11 Histochemistry and cytochemistry, Plant microtechnique and 
microscopy. Oxford University Press New York, pp. 145-176. 
John, K.S., Jagan Mohan Rao, L., Bhat, S.G., Prasada Rao, U.J.S., 1999. Characterization of aroma 
components of sap from different Indian mango varieties. Phytochemistry 52, 891-894. 
Simão, R.A., Silva, A.P.F.B., Peroni, F.H.G., do Nascimento, J.R.O., Louro, R.P., Lajolo, F.M., 
Cordenunsi, B.R., 2008. Mango starch degradation. I. A microscopic view of the granule during 
ripening. Journal of Agricultural and Food Chemistry 56, 7410-7415. 
Thipyapong, P., Melkonian, J., Wolfe, D.W., Steffens, J.C., 2004. Suppression of polyphenol 
oxidases increases stress tolerance in tomato. Plant Science 167, 693-703. 
Toivonen, P.M.A., Brummell, D.A., 2008. Biochemical bases of appearance and texture changes in 
fresh-cut fruit and vegetables. Postharvest Biology and Technology 48, 1-14. 
Vermerris, W., Nicholson, R., 2006. Isolation and identification of phenolic compounds, Phenolic 
Compound Biochemistry. Springer Netherlands, Dordrecht, pp. 151-196. 
Vianello, A., Macri, F., 1991. Generation of superoxide anion and hydrogen peroxide at the surface 
of plant cells. Journal of Bioenergetics and Biomembranes 23, 409-423. 
 189 
    
CHAPTER 8. GENERAL DISCUSSION AND CONCLUSIONS 
Mango is an economically important crop in Australia (Johnson and Parr, 2000). ‘B74’, ‘Honey 
Gold’, ‘Kensington Pride’ and ‘R2E2’ are the major cultivars produced in Australia (Dillon et al., 
2013). However, the visual appeal and marketability of these cultivars can be limited by 
physiological skin disorders.  
Lenticel discolouration (LD), under-skin browning (USB) and resin canal disorder (RCD) are three 
important skin browning disorders affecting the Australian mango industry (Hofman et al., 2010; 
Macnish et al., 2014; Marques et al., 2016). LD is evident as brown-black spots on the fruit surface. 
It reduces the appearance attribute of many mango cultivars in the world (Bezuidenhout and 
Robbertse, 2005; Self et al., 2006) including those cultivated in Australia (Hofman et al., 2010; Li 
et al., 2016; Marques et al., 2016). USB is an emerging important disorder that mainly occurs in 
‘Honey Gold’ mango fruit. It develops under the epidermis and is visible as a diffuse brown region. 
Although no damage is caused to the flesh, the unattractive appearance of the fruit skin decreases 
consumer’s decision to purchase. RCD is visible as darkened outlines of the finely branched 
network of resin ducts under the skin and/or in the flesh. This disorder predominantly affects the 
‘Kensington Pride’ cultivar. These three physiological disorders are of great concern to mango 
marketers because consumers often equate external blemishes to poor internal quality, including 
limited useable flesh and off flavours. 
8.1 Method development for quantification of key aroma volatiles for mango 
fruit and sap  
A high throughput and precise analytical method was developed to quantify characteristic aroma 
volatiles produced by fruits and sap of Australian mango cultivars (Chapter 3). This method utilises 
stable isotope dilution analysis (SIDA) in conjunction with headspace (HS) solid-phase 
microextraction (SPME) coupled with gas-chromatography mass spectrometry (GCMS).  
More specifically, the combination of SIDA together with HS-SPME-GC-MS produced a highly 
sensitive and precise analy tical tool for key volatiles released by Australian mango fruit and sap 
(Chapter 3, Table 3.2). The importance and impact of the technique is found in the ability to now 
eliminate variability related to sample preparation and matrix effects (i.e. improves recovery of the 
analytes), which has not previously been possible for quantitative analysis of key aroma volatiles in 
mango fruit and sap (Chapter 3). To highlight this further, in previous studies, the odour activity 
value of some compounds could not be resolved due to the lack of a suitable internal standard to 
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detect aroma volatiles at low levels. The accuracy and precision realised in the present work 
facilitates meaningful comparisons to be made using odour activity values, as the concentration data 
collected are sensitive and reliable (Chapter 3, Table 3.5). 
Moreover, it has been applied to studies aimed at exploring and optimising the flavour of other 
mango varieties including ‘B74’, ‘Kensington Pride’, ‘Honey Gold’, ‘R2E2’ in other studies 
(Chapter 4) and those yet to be instigated. Accordingly, this method is of value to those in the 
community that measure key aroma volatiles produced by mango sap accurately and precisely  in 
support of current research into the field of mango physiological disorder studies (in Chapter 6).  
8.2 LD and other mango quality attributes 
8.2.1 Effects of irradiation on LD and other mango quality attributes 
-Irradiation is an effective post-harvest quarantine treatment. However, -irradiation  at 0.5 
(commercial dose) and 1.0 kGy (twice the commercial dose) reduced the appearance quality of 
‘B74’, ‘Kensington Pride’ and ‘R2E2’ mango fruit by inhibiting the loss of green skin colour and 
stimulating development of severe LD during ripening (Chapter 4). Decreased rates of green skin 
colour loss presumably reflected a reduction in chlorophyll degradation. This finding was consistent 
with Hofman et al. (2010) who reported a significant increase in LD development on ‘B74’ 
mangoes irradiated at 0.543 kGy relative to non-irradiated fruit. In general, there was no difference 
in the severity of LD for fruit exposed to 0.5 or 1.0 kGy  (Chapter 4). The -irradiation-induced LD 
was usually evident within 2-4 d of treatment and increased slowly towards the end of shelf-life or 
not at all as fruit ripened. 
‘Honey Gold’ fruit were the least sensitive in response to irradiation in terms of LD and the loss of 
green skin colour as compared to other three tested cultivars (Figure 8.1). This variation in response 
to irradiation was likely largely due to the nature of their genotypic dissimilarity to the other 
cultivars.  ‘B74’, ‘Honey Gold’ and ‘R2E2’ are hybrids of ‘Kensington Pride’ mangoes with 
different maternal parents (Dillon et al., 2013). In particular, the different cultivar-dependant 
susceptibility to LD may be due to compositional disparity of lenticel surface structure (Du Plooy et  
al., 2004). Marques et al. (2016) indicated that water contact and infiltration into lenticels during 
post-harvest handling can enhance LD development. 
Exposure to 0.5 and 1.0 kGy -irradiation reduced initial rates of fruit softening in all ‘B74’, ‘Honey 
Gold’, ‘Kensington Pride’, ‘R2E2’ cultivars. Fruit softening in irradiated ‘Tommy Atkins’ fruit  has 
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previously been reported to be due to the disintegration of the cells (Moreno et al., 2006). There 
was, however, no significant difference in firmness between irradiated and non-irradiated fruit by 
the end of ripening. It is possible that the effect of irradiation was lessened as fruit progressively 
ripened. 
In general, -irradiation up to 1.0 kGy did not affect the TSS and carotenoid concentration in the 
skin of the four tested cultivars although this varied with cultivar. -Irradiation doses of up 1.0 kGy 
showed different responses which are cultivar dependant on the other chemical properties and 
volatile production of mango fruit. Exposure to 0.5 and 1.0 kGy significantly (P≤0.05) reduced 
biosynthesis rates of the important aroma volatile 2-carene, 3-carene, α-terpinene, p-cymene, 
limonene, α-terpinolene, and ethyl octanoate in the ripened pulp of ‘Kensington Pride’ and ‘R2E2’ 
mango fruit. However, there was no significant (P>0.05) effects of -irradiation at 0.5 and 1.0 kGy 
on volatile production of ‘B74’ and ‘Honey Gold’ mangoes. The irradiation-associated reduction in 
the rates of ripening-related decreases in TA and chlorophyll degradation during ripening of 
‘Kensington Pride’ and ‘R2E2’ fruit, in combination with a decline in volatile production at higher 
doses, may translate into diminished flavour. In contrast, there was no major effect of irradiation 
treatment on the ‘Honey Gold’ cultivar (Chapter 4, Figure 8.1). Understanding the response of 
different Australian mango cultivars to irradiation in terms of appearance acceptability and 
physical-chemical properties is essential and meaningful for the mango industry to maximise the 
quality of treated fruit. Further post-harvest research should be undertaken to optimise the 
irradiation dose with a view to reducing the negative impacts of this phytosanitary treatment and 
delivering high-quality fruit to consumers. 
8.2.2 Anatomy of LD 
In Chapter 5, the anatomical features of LD in ‘B74’ mango fruit was illustrated using binocular 
microscope observation, light microscopy (LM) and serial block face scanning electron microscopy 
(SBF-SEM). LD is a physiological discolouration process that is visible as a dark brown to black 
region surrounding a white corona of the lenticel. LM imaging highlighted that LD was 
characterised by browning of sub-lenticellular cells around the lenticel cavity  (Chapter 5). This 
browning was related to the phenolic deposition. It was likely that there was the phenolic deposition 
in cell walls (Chapter 5, section 5.3.3) and vacuoles (Du Plooy et al., 2009) of discoloured lenticels. 
However, this possible process was not very clearly demonstrated by LM, so SBF-SEM was 
employed to clarify. 
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Figure 8.1 A model representing the effects of -irradiation on different Australian mango cultivars 
(‘B74’, ‘Honey Gold’, ‘Kensington Pride’ and ‘R2E2’) in terms of LD and other quality attributes. 
The upward arrows mean ‘increase’ and the downward arrows mean ‘decline’. 
SBF-SEM observation showed that the discolouration manifested beneath the cuticle to the sub-
epidermal layers of pericarp. LD was associated with polymerised electron-dense phenolic 
depositions in the cell wall to the inside cell cytoplasm of cell layers surrounding the lenticel cavity 
(Chapter 5, Figure 8.1). There were two different kinds of phenolic deposition occurring inside the 
cell cytoplasm. Firstly, phenolics were observed to completely fill the cytoplasm of cells next to t he 
cavity. Secondly, dark granules of differing electron density, which most likely represented varying 
concentrations of phenolics, were observed in the cytoplasm of sub-lenticellular cells surrounding 
the lenticel cavity. Nonetheless, only the second type as a discrete deposit of phenolics was 
observed in non-coloured lenticel.  Furthermore, an illustration from an individual LM or TEM 
image of 50 nm-thick sections is not representative for a 500 µm lenticel. The visual illustration of 
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structural changes in detail and internal structural continuity of entire lenticel during discolouration 
using SBF-SEM provides a better understanding of the functional microstructure and potentially the 
mechanism of LD. 
8.3 USB on ‘Honey Gold’ mango and RCD on ‘Kensington Pride’ mango 
USB is often associated with physical injury damage and exposure to low temperature during 
extended transport and delivery (Marques et al., 2012a).  Exposure of ‘Honey Gold’ mango fruit to 
physical damage by abrasion with sand paper and storage at low temperature (12 °C) can mimic 
these conditions and induce USB development (Hofman et al., 2010). Reducing fruit-to-fruit 
contact may reduce USB that otherwise expresses after long distance road transport (Li, 2015; 
Marques et al., 2012b). However, there is limited published information about the mechanism and 
control of USB development. 
RCD is associated with discolouration of the finely branched network of sub-cuticle resin canals. 
Relative to USB, even less is known about the cause and prevention of RCD. This quality defect is 
likely attributable to a combination of production factors that contribute to increase fruit 
susceptibility and postharvest factors that contribute to fruit stress and symptom expression 
(Macnish et al., 2014). 
8.3.1 Comparative anatomy of USB and RCD 
At the anatomical level, USB was characterised by dark-brown cells predominantly in the cells 
surrounding the epithelial cells of resin ducts (Chapter 6). In contrast, RCD was distinguished by 
localised browning of the lumen of resin ducts. Accordingly, different cell biology processes 
hypothesised to be behind the development of USB and RCD at the cell and tissue levels. USB was 
associated with starch retention and phenolic deposition in the cell layers surrounding the resin 
ducts. TEM observation illustrated that the starch granules were only partly degraded in USB-
affected regions of ripe ‘Honey Gold’ fruit tissue. In control fruit, starch was completed converted 
to sugars (Chapter 7, Figure 7.15). This finding implies that starch degradation in USB-affected 
regions was suppressed during fruit ripening. These results suggest that USB might be associated 
with self-defence to external stress (Chapter 7). 
In contrast with USB, the browning of resin ducts in RCD-affected tissues was only related to 
polymerised phenolic deposition inside the lumen (Chapter 6, Figure 8.2). Polyphenolic 
parenchyma cells associated with phenolic and starch deposition were related to the defence 
response of many conifers (Krokene et al., 2008). Resin was major defence component in the resin 
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duct system of many conifer families (Phillips and Croteau, 1999; Ruel et al., 1998). Taken 
together, these findings suggest that the defensive mechanism may contribute to RCD development 
and expression. 
8.3.2 Mechanism of USB development 
8.3.2.1 Effect of diurnal harvest cycle on USB development 
In Chapter 6, a postulated effect of harvest time over the diurnal cycle was evaluated in regard to 
the propensity of abraded fruit to develop USB at low temperature (e.g. < 10 - 12°C) exposure. 
USB incidence was markedly less in night- and early morning-harvested fruit than in post-midday-
harvested ‘Honey Gold’ fruit  (Chapter 6). USB was also observed on areas of the fruit that had not 
been abraded, most likely because of physical damage caused during road freight from the Northern 
Territory to south-east Queensland for evaluation. USB incidence on these non-abraded regions was 
also significantly less in fruit harvested at night and in the early morning compared with those 
harvested in the afternoon. Delayed cooling increased the incidence and severity of normal USB in 
the afternoon-harvested fruit. The higher USB incidence was related to a stress response to elevated 
physical damage (e.g. abrasion or transport) and/ or cold storage in combination with the afternoon 
harvest time (Figure 8.2). This result is consistent with the study by Marques et al. (2012) that 
physical injury from transport and delivery was a major factor inducing USB development 
(Marques et al., 2012b). Likewise, the severity of sap burn injury to the fruit skin was reported by 
Amin et al., 2008 to be significantly higher in ‘Samar Bahisht Chaunsa’ mango fruit harvested at 
noon and in the afternoon relative to those harvested at morning (7 AM). 
The concentration of key aroma volatile compounds (2-carene, 3-carene, α-terpinene, p-cymene, 
limonene and α-terpinolene) in ‘Honey Gold’ fruit sap was significantly higher at 1400 h as 
compared to all other harvest times (0600 h, 1000 h, 1800 h, 2200 h, 2400 h and 0200 h). This 
diurnal variation in USB sensitivity was concomitant with changes in the concentration of fruit sap 
volatiles. The sap was more concentrated in the afternoon versus the morning as the water content 
of sap presumably decreases during the day  (Chapter 6). This decrease in water content is because 
the plant pulls back water from organs into the tree via the resin canal system (Downton, 1981; 
Milburn et al., 1990). 
8.2.2.2 Effect of sap components on USB incidence 
Spurt sap or the non-aqueous phase (oil fraction) of the sap was responsible for inducing browning 
damage. These observations suggest that two factors played a role in increasing the sensitivity of 
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afternoon-harvested fruit to USB; more sensitive skin on the afternoon-harvested fruit, and higher 
volatile components of the afternoon sap had greater potential to cause skin browning damage 
(Chapter 6). These injurious components were associated with the spurt sap  and were more 
abundant in the non-aqueous phase as compared to in the aqueous phase (Chapter 6, Figure 6.15). 
This is in agreement with another study of mango sap burn in which it was shown that skin damage 
was mainly due to the upper non-aqueous phase (Loveys et al., 1992). 
It is apparent that the terpenoid components of spurt sap are mainly responsible for browning 
damage. Terpinolene and limonene, major components of the oil fraction, resulted in USB-like 
symptoms on mango skin (Chapter 6, Figure 8.2). The symptoms were similar but not identical to 
USB, but illustrated the potential for sap to cause significant damage. This was concomitant with 
the findings by Loveys et al. (1992) that the upper phase of sap and especially terpinolene caused 
tissue damage and enzymic browning in ‘Kensington’ mangoes.  
Figure 8.2 A model representing the comparative anatomy and enzymatic browning of USB on 
‘Honey Gold’ fruit and RCD on ‘Kensington Pride’ fruit and factors affecting USB development. 
The black arrows mean ‘related with’ and the red arrow means ‘did not affect’.  
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USB in ‘Honey Gold’ mango was also associated with phenolic deposition and the inhibition of 
starch degradation surrounding the epithelial cells of resin ducts through the apoplastic pathway 
(Chapter 6, Figure 8.2). Some starch granules were partly degraded in USB-affected tissues as fruit 
ripened. Parenchyma cells surrounding traumatic resin ducts were also reported to contain starch 
granules and phenolics (Krokene et al., 2008). This was due to the defensive response against biotic 
or abiotic stress in conifers. Likewise, it is possible that USB is associated to stress-related self-
defence response. 
Induced USB symptoms by treatment of fruit with terpinolene and limonene were also associated 
with starch retention (Figure 8.2). In these induced USB regions, starch granules were intact after 
the ripening process indicating the starch degradation process was completely suppressed by 
chemical-defence response to high concentration of terpenoids. It indicated that terpenoids like 
terpinolene and limonene were the browning inducers related to chemical defence response. It was 
possible that the terpenoids were dispersed from the resin duct into the epithelial cells and the cell 
layers surrounding the epithelial cells. Then they inhibited the starch degradation and accumulated 
phenolics surrounding the epithelial cells as the defence response.  
8.3.3 Comparative enzymatic browning of USB and RCD 
PPO and POD activities were responsible for the browning symptoms associated with USB and 
RCD (Chapter 7). PPO was evidently involved the browning of natural USB, induced USB 
symptoms and RCD. POD activity appeared to contribute to the enzymatic browning of natural 
USB and RCD. No such POD existence was illustrated in the induced USB symptoms. POD 
activity was localised to different tissues of natural USB and RCD-affected regions. Specifically, 
POD activity appeared all over the natural USB-affected regions, whilst it was mainly localised to 
the resin ducts of RCD-affected areas. Similarly, John et al. (2002) found that PPO and POD in the 
peel were the key enzymes involved in the skin browning reactions associated with mango sap-burn 
injury. Thipyapong et al. (2004) reported that PPO activity was correlated with a stress defence 
reaction in tomato. Collectively, the findings from the current study  support the working hypothesis 
that increased PPO levels as well as the presence of POD contribute to tissue browning in USB and 
RCD disorders in Australian mango cultivars as a general stress-related defence response. 
8.4 Conclusions and suggested future directions 
Overall, a combination of SIDA and HS-SPME-GC-MS represents a marked improvement over 
current methods for detecting and measuring the concentration of key volatiles released by 
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Australian mango fruit and sap. This method has contributed to explore the flavour of Australian 
mango varieties affected by irradiation and the field of mango physiological disorder studies like 
under-skin browning. New techniques and methods in this area are highly sought after not only for 
the Australian market, but the many other countries that produce mango fruit for consumption. It 
could be beneficial in future mango flavour optimisation studies of other commercial cultivars, their 
parent lines and also wild types. 
The present study highlighted genotypic variation of ‘B74’, ‘Kensington Pride’, ‘Honey Gold’, 
‘R2E2’ cultivars in their tolerance to -irradiation in terms of LD, skin colour development and 
volatile production. ‘Honey Gold’ fruit were typically the most tolerant of irradiation while 
‘Kensington Pride’ and ‘R2E2’ were the least tolerant. The genotypic dissimilarity and /or different 
composition of lenticel surface structure (Du Plooy et al., 2004) may contribute to this variable 
response to -irradiation. These findings underscore the importance of screening different cultivars 
for their response to commercial irradiation treatments with a view to devising/optimising handling 
and treatment protocols that minimise fruit quality loss. The results also highlight an opportunity t o 
further study and quantify possible relationships between different cultivar sensitivity to irradiation -
induced LD and lenticel anatomy and biochemistry. Moreover, sensory evaluation would be 
recommended to evaluate whether the irradiation-induced decrease in TA and aroma are discernible 
by consumers. It would be interesting to study the effect of irradiation on ‘shared’ pigment and 
aroma biochemical pathways.  
The current research also contributed to a greater understanding of USB and RCD disorders by 
distinguishing their uniquely different cell biology processes at the cell and tissue levels. USB was 
associated with starch retention and phenolic deposition in the cell layers surrounding the resin 
ducts. USB development was likely due to a natural defence response to an external stress through 
the apoplast in the cell wall. RCD was characterised by polymerised phenolic deposition inside the 
resin duct lumen. An increase in PPO and POD activities contributed to the tissue-specific 
browning of these physiological disorders. A greater understanding of PPO and POD gene 
expression and the activation of the plant defence system should aid in the management of these 
physiological disorders. At present, there is limited information on the mechanism of RCD. It is 
unclear whether the existence of RCD occurs in the stem before the stem removal as a self-defence 
response to external stress factors. Another possibility is that bacteria could contribute to RCD 
symptoms. It is not known if the spurt resin contains bacteria or if the removal of the stem transmits  
infection. Determining the potential role of bacteria in RCD could be analysed by a molecular 
marker approach such as quantitative real-time PCR.  
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Stress response to elevated physical damage (e.g. abrasion or transport) and/ or cold storage in 
combination with afternoon-harvest were shown to be key contributing factors that induce USB 
development. One of the contributing factors towards higher USB sensitivity in afternoon-harvested 
fruit is a concomitant increase in ‘aggressive’ terpenoid volatile constituents in sap from these fruit. 
Overall, these results support practise change from conventional afternoon picking to night and 
early morning harvesting of ‘Honey Gold’ mango fruit to reduce the incidence and severity of USB. 
Night and early morning harvesting offers tremendous opportunities to prevent USB on fruit and 
reduces physiological stress on mango pickers. In order to improve the quality of ‘Honey Gold’ 
mango in coming seasons, growers of susceptible fruit are encouraged to adopt this practice. 
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APPENDICES 
Appendix 1 
Table A 1.1 13C NMR shifts of the labelled compounds and literature values of and unlabelled1,2 
compounds. 
Compounds 
 
 
  
1 134.2 134.0 133.8 133.7 
2 120.8 120.5 120.7 120.7 
3 29.5 29.5 30.6 30.6 
4 127.6 127.6 41.0 41.1 
5 26.6 26.6 27.9 27.9 
6 31.5 31.5 30.8 30.8 
7 23.4 23.4 23.4 23.5 
8 121.3 121.6 150.0 150.3 
9 - 19.7 - 108.4 
10 - 19.8 - 20.8 
 1Zou et al. (2008) 
 2Guo et al. (2016) 
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Guo, S., Zhang, W., Liang, J., You, C., Geng, Z., Wang, C., Du, S., 2016. Contact and repellent 
activities of the essential oil from Juniperus Formosana against two stored product insects. 
Molecules 21, 504. 
Zou, Y., Wang, Q., Goeke, A., 2008. Organocatalytic multicomponent alpha-methylenation/Diels-
Alder reactions: a versatile route to substituted cyclohexenecarbaldehyde derivatives. Chemistry 14, 
5335-5345. 
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Appendix 2. Scanning electron microscopy (SEM) 
A 2.1 SEM protocol 
Tissue samples ~ 2 mm width, ~ 2-3 mm length and ~ 1 mm depth were prepared from thin slices of 
mango pericarp using a scalpel blade (Swann-Morton®, England) and fixed in 2.5% glutaraldehyde 
(ProScitech, Australia) in 0.1M sodium phosphate buffer pH 6.8. The fixed tissues were washed in 
ultra-high quality (UHQ) water (Pure lab UHQ, Elga, UK) 3 times and stored in UQH water. The 
samples were frozen by quickly plunging into liquid nitrogen and then transferred into a freeze-
dryer (TLMCSP-80, Thermoline L+M, Australia). They were dried at -30 °C for 24 h and then 
allowed to warm to room temperature (ca. 22 C) overnight under vacuum. The samples were then 
mounted on specimen stubs using conductive double-sided adhesive carbon tabs (ProSciTech) and 
conductive silver paint (Proscitech). The stubs were sputter coated with platinum using a BalTec 
MED 10 Coater (BalTec, Lichenstein). SEM samples were examined using an XL30 SEM (Philips, 
The Netherlands) at 5kV accelerating voltage. 
A 2.2 SEM observations 
SEM imaging of brown ‘Kensington Pride’ and ‘B74’ lenticels showed small irregular elliptical 
openings with a maximum diameter of 200 µm were evident on the surface of discoloured lenticels 
(Figure A 2.1). There was no difference in colour in surface appearance between the bordered dark 
brown centre and the lighter white corona that surrounded the pores because the discolouration of 
lenticel occurred internally. 
  
Figure A 2.1 Scanning electron micrographs showing the surface of discoloured lenticels of green 
‘Kensington Pride’ (A) and ‘B74’ (B), mango fruit. Lc, lenticel cavity. Scale bars = A, B, 100 μm. 
  
A B 
Lc 
Lc 
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Appendix 3. Dry matter 
The dry matter (%) was determined using the method of Hassan et al. (2007) with minor 
modification. Individual fruit was taken as the replicate. The flesh of one cheek of each fruit was 
removed using a sharp knife. A vertical section of flesh from the proximal stem end to the distal 
fruit tip was diced into small pieces. A sample of approximate 20 g mango flesh was added to a 
plastic cup and dried at 65 °C to constant weight. 
References 
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and Molecular Plant Pathology 71, 158–165. 
 
 
